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PREFACE 


For a number of years, especially since the end of World War و11‎ 
the engineering literature has contained an increasing number of refer- 
ences to forced circulation boilers. Most of these articles extol the 
virtues of some one kind of boiler or tend to justify the conventional 
natural circulation principles. The range of boiler types covered by 
the term "forced circulation” is much broader than usually realized, 
and since some of these types are basically quite different the exist- 
ing confusion on this subject is understandable. 

We commonly think of the United States as a leader in technologi- 
cal progress and development, and in many fields that is true. There 
are other fields, however, where from time to time we tend to lag. 

This has been especially so with regards to the application of forced 
circulation in boilers even though some of the working principles were 
originally discovered in this country. It is gratifying to note the 
rapid and accelerating interest which is now being shown towards making 
up the lost time. 

In this paper an attempt is made to classify and describe the com- 
mon types of forced circulation boilers. By comparison with natural 
circulation principles, advantages and disadvantages are brought out. 
The comparison is not intended to minimize the importance of natural 
circulation, but rather to show that forced circulation represents a 
step forward in steam generation similar to that of the watertube over 
the firetube boiler. 

I wish to express my appreciation to Professor E. E. Drucker for 


his guidance, assistance, and willing cooperation in helping to acquire 
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information and data. 1 would like also to thank the other faculty 


members who made suggestions, and especially the library staff for 


their efforts in acquiring references many of which were of foreign 
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SUMMARY 


In this paper the various types of forced circulation boilers are 
described along with the motivating factors both as regards to design 
and economics which have stimulated their development. In order to 
show the inherent advantages and limitations, a series of circulation 
calculations for a natural circulation boiler are made and the associ- 
ated problems discussed. The effect of applying forced circulation to 
this situation is then described. Other changes in the boiler char- 
acteristics resulting from the application of this principle, such as 
the use of small tubes, are discussed and illustrated with calculations 
where applicable. 

Barly and interesting marine installations utilizing various types 
of forced circulation are described. Also included are comparative 
data based on several years of operation of a forced and a natural cir- 


culation boiler operating side by side in an eastern industrial plant. 
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NOMENCLATURE 


Top dryness (X) - Percent by weight of steam at the top of a 
generating tube. 


Circulation ratio - Reciprocal of top dryness or ratio of the 
mass rate of water to the mass rate of steam, 


Controlled circulation Design features which permit the proportioning 
of the water supply to a boiler section or 
individual tube. This is accomplished by 
means of orifices at the inlet of the steam 
generating circuits. 


Downcomer - A tube designed to carry water from the steam 
drum down to the mud drum or lower boiler 
header, 

Riser - A steam generating tube, 

Bifurcated tube - Two small tubes which unite into a common 


tube prior to joining a header or drum. 


f  - Dimensionless friction factor used in the Fanning equation, 
u => Velocity with — مع‎ subscripts in feet per second. 

á  - Tube height in feet = Z5 ፦ 51 ۶ ==. 

D  - Diameter in feet. 


g = 32.2 feet per second per second 


ye 


= Mass rate of flow in pounds per hour 
- Specific volume in cubic feet. 
- Density with appropriate subscripts in pounds per cubic foot. 


- Area in square feet 


2 ጅው ይጨ >> 


- Thermal conductivity, BTU per hour ft. degree F. 


- Viscosity, pounds per hour feet. 


< 


- Specific heat, BTU per pound degree F. 


"ም 


h, =~ Heat transfer coefficient (inside) BTUs per hour square foot deg. Fe 


Rate of heat absorption BTUs per square foot per hour, 


1۷. 
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Temperature in degrees Fahrenheit, 


Radius in feet 








I. INTRODUCTION TO FORCED CIRCULATION 


l. Brief Historical Background and Comments 

Novel or special boilers are generally considered to be an out- 
growth and result of the design advances of recent years. Surpris- 
ingly enough this is usually not so, and particularly is this true of 
forced circulation boiler designs. 

As far back as 1828 Jacobs Perkins designed and built a high pres- 
sure series, or coil, boiler, operating on what we now call the "once 
through! principle to be explained later. Only the lack of suitable 
measuring instruments prevented him from proving the great step for- 
ward his boiler represented. Both his boiler and his ideas were far 
ahead of his time, and a conservative engineering world failed to take 
advantage of his genius. In 1877 and 1879 Herreshoff, and in 1880 
Serpollet demonstrated that such designs were successful and could give 
good efficiency and service. About twenty years later, in 1897, De 
Laval stimulated the engineering world with his high pressure (2800 psi) 
coil boiler and turbine at the Stockholm Exposition. All of these were 
considered novelties in their day, since natural circulation was more 
than adequate for the boilers then in use. Boiler making was considered 
an art rather than a science and this engendered conservatism which 
when coupled with the lack of knowledge of what went on inside tubes 
and furnaces successfully prevented any serious development of the 
"once through" forced circulation principle. 

In 1856, Martin Benson of Cincinnati, Ohio, invented the operating 


principle of the forced recirculation boiler which is the other main 
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category of forced circulation boilers. By 1859 approximately forty- 
five such boilers were operating in the United States. Pressures and 
temperatures in use at that time were low, and while Benson's boilers 
were successful, no particular advantage was attributed to this use of 
forced circulation. Consequently after the initial flurry of construc- 
tion, no further use was made of this principle for many years. 

Beginning about 1923 Benson's ideas were revived by W. D. LaMont 
in what is now known as the LaMont type boiler. This revival was 
brought about by the coal shortage which followed the exploitation of 
European coal fields during World War I. The need for greater effi- 
ciency was imperative. This coupled with the conception then preva- 
lent, but since discredited, that conventional natural-circulation 
boilers would be unable to operate at pressures much above 800 psi 
stimulated the development of forced circulation boilers of all types, 
particularly the LaMont design. 

The demand for increased economy with its attendant higher pres- 
sures and temperatures created and is still creating problems in the 
metallurgical field. The introduction of new alloy steels in recent 
years permits operation at temperatures and pressures unheard of twenty- 
five or thirty years ago. As still higher temperatures and pressures 
are attempted, an apparent temperature limitation for alloy steels is 
being reached, In an attempt to overcome this limitation, the metal- 
lurgists are currently experimenting with ceramic coatings to protect 
the metal and allow temperatures still higher than the current tentative 
limit of 1150 F. 
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All modern steam generating units employ the forced circulation 
principle in all parts except the water cooled furnace and boiler; 
the air heater operates under forced circulation due to forced- and 
induced draft fans; the economizer employs forced-circulation by 
virtue of the feedwater pump; the superheater also operates under 
forced circulation because of the large pressure drop between the 
boiler drum and the superheater outlet. In each of these pieces of 
apparatus proper distribution of heated and heating fluid depends on 
the pressure drop across the apparatus which represents the degree 
to which forced circulation is used. 

Modern watercooled furnaces and boilers employ many more paral- 
lel circuits to handle the heated fluid than are to be found in the 
auxiliary apparatus above. One of the major design problems is the 
distribution of water to each circuit and the providing of adequate 
circulation in the right direction. In natural circulation the de- 
signer does not have full control over this problem, because variation 
in heat transfer causes variation in circulation. The circulation is 
started and maintained by the heat absorption into the water and steam 
and a miscalculation as to the intensity of heat absorption may cause 
circulation troubles. The rate of firing and circuit location in the 
furnace cause wide variations in circuit velocity and steam-water 
ratio. 

From the design viewpoint it seems desirable then to apply forced 
circulation to the only parts of the steam boiler where it has not been 


generally used, namely, the boiler and furnace. 
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2. Forced Recirculation Principle 

Natural circulation boilers are composed of two main types, 
straight-tube or bent tube. The circulation problems are essentially 
the same in each. Forced circulation boilers are also of two main 
types, viz., (1) forced recirculation, and (2) forced flow, once 
through. An external feed pump is used with both types, the princi- 
pal difference between the two, from the standpoint of water circula- 
tion, being in the amount of water which is pumped through the boiler 
circuits. 

In the forced recirculation type the amount of water supplied to 
the boiler varies from one hundred and ten percent to as much as twenty 
times the amount evaporated. Evaporation is not carried beyond the 
point where the dissolved solids can be retained in solution in the 
concentrated boiler water at the heat transfer surface. The mixture 
of steam and water is then discharged into the drum where the steam is 
separated from the water and then through the superheater. The excess 
water passes through the boiler where its temperature becomes satura- 
tion temperature corresponding to boiler pressure. It flows then 
through a heat exchanger where it gives up some of its heat to feed 
water and flows thence to the feedtank. Ihe feed pump takes suction 
from the feedtank, recirculating the excess water which accumulates 
there, back through the boiler circuits. The concentration of solids 
is eliminated as in conventional boilers by a periodic blowing down 
of the steam drum. This type of boiler can employ the conventional 
type of controls, since feedwater rate is regulated to maintain a 


water level in the drum, and the regulation of fuel and air may be 
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either manual or automatic, as in a conventional natural-circulation 
boiler. However, since some water is recirculated, one or more cir- 
culating pumps are required. 

In a variation of this forced recirculation type, the evapora- 
tion of water is accomplished by superheated steam in a drum outside 
the boiler setting which eliminates the hazards from solids being de- 
posited on the heating surface. The evaporated steam is pumped through 
the superheater. That portion of superheated steam not delivered to 
the prime mover is returned to the drum to evaporate feed water by 
direct contact. This type of unit has a steam-circulatins pump, in 
addition to the feedwater pump. 

3. Once Through Principle 

The once through type of boiler is quite different in many re- 
spects from the forced recirculation type. No excess water is pumped 
through the system, hence the designation "once through". The feed 
water enters the tubes, is heated, then flashes into steam, and is 
superheated all in one pass through the boiler. Any dissolved salts 
or solids from the feed water ap deposited on the tube surfaces as 
evaporation takes place. Because of the way in which the water 
flashes into steam in the hot tubes, this type of boiler is sometimes 
referred to as a "flash boiler". Since these boilers usually do not 
have a drum the storage capacity is very small and the boiler controls 
must be quick-acting and reliable in order to handle sudden load fluc- 


tuations. 
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The biggest problem with these boilers has been the elimination 
of the salt and solid scale deposits in the tubes. Since this scale 
has high heat resistance, unless it is periodically eliminated, tube 
failures result. Various methods have been developed for washing 
these deposits out of the tubes. In the Benson boiler, for instance, 
one group of tubes at a time is isolated from the others, by special 
valves and piping connected to their inlet and outlet ends, feed 
water is forced through the tubes, washing out all the salt deposits, 
and the tubes are then reconnected into the boiler circuits. The 
water used in this process becomes heated in its passage through the 
tubes so it is usually passed through a feed water heater where it 
gives up most of its heat and then since it is contaminated with salts 
it is thrown away. In another type of boiler, a salt interceptor is 
installed at a point in the circuit where the steam still carries five 
to ten per cent highly contaminated moisture; the contamination result- 
ing from the concentration of most of the salts originally contained 
in the feed water. The interceptor is periodically blown down to get 
rid of the accumulation. Make up feed is supplied equivalent to that 
blown down. In all these once through boilers feed water is circulated 
through the circuits as the boiler cools down while being secured in 
order to prevent overheating and to flush out accumulated salts in the 


tubes. 
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II. DESCRIPTION OF VARIOUS TYPES OF FORCED 


CIRCULATION STEAM GENERATORS 


1. Introduction 

Aside from two large units whicn will be discussed later and a few 
experimental types, forced circulation boilers are practically unknown 
in this country. The current trend to higher temperatures and pressures 
coupled with an increasing need for economy and efficiency are causing 
a mounting awareness of the advantages of forced circulation. 

The recirculation types of forced circulation boilers are the ones 
which are receiving the most attention in this country. There are five 
main types in this category, namely:  LaMont, Loeffler, Steamotive, 
Velox, and Schmidt-Hartmann. Each of these will be discussed individually. 

The "once through" principle is best illustrated by the Benson, 
Ramzin, and Sulzer types. These boilers are most popular in continental 
Europe, especially Germany, Russia, France, and Switzerland. Little at- 
tention has been given to them in this country, but since they have cer- 
tain inherent advantages they will be described in detail. 

2. Forced Recirculation Types 
A. La Mont 

The first LaMont type steam generator was the one developed by 
Martin Benson in 1856. (See Figure 1) His boiler consisted of a number 
of tube coils connected to a supply header at their lower or intake end. 
These had "choking plugs" or orifices inserted in the branch tubes to 
regulate the flow of water into each tube coil. This gave control of the 


water distribution to each tube. The supply header was fed by means of 









WAIT. پا‎ f 


Wie gore دپ تدای‎ um) c 
ہد رر رح‎ E . ነመ- 


E E im i^ fo =s 





5 < 
- 8 5 سب‎ 0 በ. 
> 
| 1 
E 
س‎ 
LI 
سن‎ — 
L 
= ' 
LÀ 
= 
- " pa 
ሀዱ. 
EI -—— - " 
0 x ® P a 
. ۱ 7 መ — LI - 
= EY ۳۰ 
a E 





a water circulating pump, the suction side being connected to the water 
space of the steam and water drum placed near the boiler and outside 

the boiler setting. The upper or steaming ends of the tube coils were 
connected to a collecting header through which the water-steam mixture 
was discharged into the steam space of the water and steam drum pre- 
viously mentioned. Contemporary test reports ሄ show that the optimum 
operating conditions were achieved by circulating six to eight times as 
much water through the boiler as was evaporated, and the pressure drop 
through the distributing orifices was two to three pounds per square 
inch; the pressure to be overcome by the circulating pump is stated to 
have been seven to ten pounds per square inch. The diameter of the 

tubes constituting the evaporating coils seems to have varied from one 
to one and one-half inches in the numerous boilers built. The starting 
time is claimed as having been only six to twenty minutes. Benson recog- 
nized the necessity of adequate steam space in the drum, and recommended 
one cubic foot of steam space for every twenty-two square feet of heating 
surface in boilers of two hundred to one thousand square feet heating 
surface; one cubic foot per 25 square feet in boilers with over one thou- 
sand square feet heating surface; and one cubic foot per twenty-seven 
square feet in marine boilers. 


* J. F. Spencer: "Description of New Construction of High Pressure 
Steam Boiler!, Proc. Inst. Mech. Eng., 1859, p. 264 


Je Je Russell: On Benson's High Pressure Steam Boiler", Proc. 
Inst. Mech. Eng., 1861, p. 30 
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In addition to the forty-five boilers of this type built in this 
country, the success of Benson!s innovation is further attested by the 
fact that Messrs. Hawthorn, using Benson'!s British Patent (1858), con- 
structed a marine boiler in England which was extensively used for tests. 
The boiler had one inch inside diameter tubes. It was a three hundred 
forty square foot boiler with nine square feet grate surface. One 
especially interesting test consisted in the continuous operation of 
the boiler at eighty pounds per square inch pressure for fourteen days 
with a fifteen per cent sea salt solution in order to ascertain the 
serviceability of Benson's design for marine use. Examination showed 
the lower tubes to contain an internal scale one-sixteenth inch thick 
while the upper tubes were practically scale free. 

The success of the LaMont boiler is due quite largely to its com- 
parative simplicity of construction and also to the fact that its design 
is nearer to the conventional boiler than any other forced circulation 
type. 

Figure 3 gives the flow cycle and general schematic arrangement of 
tube surface. Boiler water passes from the drum which is for all prac- 
tical purposes outside the boiler proper, to the suction side of a cir- 
culating pump. This pump must overcome the friction and orifice drops. 
Orifices serve the purpose of distributing the feed water in accordance 
with the heat absorption of each tube. In most of these boilers the 
water circulation is adjusted in each tube by the size of the orifice 
so that at normal boiler load each tube receives about four or five 


times as much water as the quantity of steam generated in the tube. 
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This makes overheating of the tubes impossible, because high velocities 
of the steam and water are assured at all loads. 

From the tubes the water and steam mixture is discharged into the 
boiler drum, where they are separated. The steam is drawn off to the 
superheater while the feed pump supplies an equivalent quantity of 
water to the water circuit. Feed water control is maintained by any 
standard type of feed water regulator. The pressure drop which must 
be overcome by the pump is the hydraulic friction of the circuit and 
will amount to about 30 - 40 psi. This is in the neighborhood of 0.5 
per cent of the boiler energy output. These pumps, however, are usually 
turbine driven and care must be used to utilize the exhaust to its best 
advantage, else the pump loss becomes considerably higher. Electric 
drive is usually provided for starting these pumps or for normal use 
with steam as a standby. 

An adaptation of this LaMont principle which has proved especially 
popular in Germany and Sweden is shown in Figure 6. This shows the ad- 
dition of a forced circulation LaMont water wall in an old natural cir- 
culation boiler in order to increase its output. It has the advantage 
of cheapness and convenience. Especially advantageous is the feature 
that the water wall tubes do not necessarily have to be in the perpen- 
dicular and that by using coiled or inclined tubes, one vertical dis- 
tributing and collecting header each is sufficient for four water walls 
as shown in Figure 6. ‘If only one circulating pump is provided per 
boiler unit, provision can be made to maintain some amount of positive 


flow through the boiler by automatically connecting the feed water 
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supply to a point in the circuit, so that feed water is discharged into 
the distributing headers of the circuit. The water walls of the Lalíont 
type have proved exceedingly useful where addition of a water wall has 
proved necessary in natural circulation boilers when the addition of 
natural circulation water tubes would be impossible because of lack of 
accommodation and access. The addition of water wall surface may be 
considerable even in small boilers. In the installation reproduced in 
Figure 6 the water wall contributes 24,200 pounds of steam per hour to 
a total evaporation of 44,000 pounds per hour. 

Since the boiler drum is retained in LaMont boilers the storage 
capacity is sufficient to handle sudden load fluctuations, an important 
advantage. It is, therefore, unnecessary to have sensitive and quick- 
acting control mechanisms as in boilers of the once-through type which 
have no storage capacity. 

An important operating advantage is that water circulation can be 
established before and while starting the boiler. This allows a grad- 
ual heating up of the whole boiler circuit which serves to minimize 
expansion stresses. Starting time is consequently very short. 

Another important application of the LaMont boiler is for waste 
heat recovery from the exhaust gases of marine diesel engines. The 
special design developed for this use is shown in Figure 7. In this 
design the diameter is about two and one-half times, and the length 
four to six times, the outside diameter of the exhaust pipe of the 
engine, The amount of waste heat extracted will, of course, vary 


with the engine employed, but, in genral, for an average four-stroke 
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Diesel main engine which exhausts 180 cubic feet of gas at 850° - 900^ 
per H.P.-hour, if the final temperature is to be lowered to A00? F, 
about 1300 BTUs per H. P-hour can be recovered. 

It is perhaps interesting to note in passing the great similarity 
between modern LaMont type boilers and those of Martin Benson of nearly 
one hundred years ago. 

LaMont boilers and water walls have been utilized by most of the 
European countries for many years, especially in Germany and Sweden. 
Between 1932 and 1946 in Sweden alone more than three hundred fifty of 
these units were constructed. “t first this construction consisted 
mainly of the modification of tit boilers by the addition of Laliont 
water walls which in many cases doubled the output of the boiler. Later 
the saving in weight and space made possible with this type boiler caused 
the always thrifty Swedes to turn more and more to the manufacture of 

font boilers in preference to natural circulation designs. An interest- 
ing feature of these Swedish boilers is their versatility of firing. 
Since native coal is scarce in Sweden, and since coal imports were negli- 
gible during World War II, these boilers were built or adapted to burn 
almost anything. Some were built to burn pulverized coal, oil, gas, or 
wood, and most are capable of burning three kinds of fuel. In Germany, 
Britain, and T countries the LaMont design is utilized on a consider- 
able scale where space and weight are important factors, but not to such 
an exclusive degree as in Sweden. By 1941 there were well over seven 
hundred LaMont units operating in Europe and the figure today is much 


higher. 
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This same year, 1941, saw the first commercial application of 
forced circulation in this country. This LaMont type boiler, con- 
forming to U. S. specifications, was built by the Combustion Engineer- 
ing Company and installed in the Montaup Electric Company plant in 
Somerset, Massachusetts. It has proved highly successful. Develop- 
ment of forced circulation was curtailed by the war years so that 
only one other sizable installation was made during the War and that 
was in 1943. However, within the last two years an increasing number 


of these boilers have been ordered. 


B. Loeffler 

This unique boiler was developed by an Austrian engineer, Dr. 
Stephan Loeffler, and was first manufactured commercially by the Iron 
and Steel Works, Vitkovice, Czechoslovakia, in the early 1930s. The 
only water in the heat absorbing surfaces is that contained in the 
economizer tubes. Steam is employed directly as the heat carrying 
medium, thus completely eliminating the possibility of scale forma- 
tion in the boiler tubing which is the underlying motive of this un- 
orthodox design. 

Steam moving in forced flow through the boiler circuit, is alter- 
nately superheated in the heat absorbing, or boiler, surface and then 
desuperheated in direct contact with water. The amount of steam 
generated by the desuperheating process is made identical with that of 
the steam tapped off at point of maximum steam temperature, which 
coincides with the outlet of the boiler surface. Figure 8 illustrates 


this rather simple arrangement. In this figure (S) represents radiant 
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part of boiler furnace, (N) the convection portion, (B) the evaporator, 
(U) the steam circulation pump, (V) the economizer, (L) the air pre- 
heater, (P) the feedwater pump, (D) the steam tapped off for use. 

All steam is generated in vessels not directly exposed to furnace 
heat, the tubes containing only the dense dry steam at pressures 1500 
psi and above, usually about 1900 psi and 900°F, At this hish pressure 
the specific volume is low, so the density is high. If pressures below 
about 1500 psi are used the circulating pump dimensions become unduly 
large because of the increased specific volume of the steam and the pump 
power requirements become too great. Prior to World War II efforts were 
being made to reduce the steam consumption of the Eee pump to 
make a pressure of 750 psi practicable. These efforts were resumed after 
the War, but the progress, if any, which has been made is not known. It 
is the low specific weight (approximately 0.21 pounds per cubic foot) 
that makes it economically possible to circulate the steam by means of 
a pump, and the velocity of circulation is such as to operate with 
small temperature gradient between the steam and metal wall. The steam 
velocity approaches 65 feet per second and a heat — rate of 
40,000 B.T.U. per hour per square foot per degree Fahrenheit is realized 
without overheating the tubes. The main value, however, lies in the fact 
that water purity is of secondary importance, since no scale forms on 
the wall surfaces. All scale forming substances collect in the evapo- 
rator which is external to the boiler furnace and where these sub- 
stances may be blown down at will. 

The pump is usually of the single impeller type rotating within a 


housing. ‘he main purpose of the pump is to circulate the steam through 
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the tube system at such a rate that the final temperature remains nearly 
constant at all loads. A known quantity of heat may be transmitted 
through the tube walls and imparted to a large quantity of steam at low 
tube wall temperature or to a small quantity at high temperature. Speed 
control of the pump is therefore essential. To vary the boiler output 
simple combustion control can be used. 

Since these boilers suffer no detrimental effects from poor quality 
feed water, they have been used in continental Europe, and England where 


local water conditions present a problem and have been highly successful. 


C. Steamotive 

The steamotive boiler is a development of the Babcock and Wilcox 
Company assisted by the General Electric Company and the Bailey Meter 
Company. Its original design was for use in a steam locomotive so that 
compactness, simplicity, flexibility and range of operation, automatic 
controls, and possibility of burning a wide range of fuels are charac- 
teristic of this design. Outstanding design features are the forced 
draught pressure combustion at about 20 in. water pressure in the water- 
cooled furnace and the forced flow once-through principle combined with 
re-circulation at all loads of an excess water quantity equivalent to 
ten per cent of the maximum boiler output. 

The flow diagrams are shown in Figure 5. From the burners the 
flame and gases pass horizontally through the completely water-cooled 
furnace, then up and back with a one hundred eighty degree turn into 
the superheater, around the separator, and through the economizer and 


air heater. Air for combustion being under pressure forces the air and 
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resulting gas through the whole air-gas circuit, no induced-draft fan be- 
ing used. 

The feed water after leaving the economizer divides into five cir- 
cuits as shown, forming the floor, sides, roof, and two loops of the 
furnace screen. All steam is formed in the furnace and with the residual 
water passes to the separator. As in the Velox boiler the inlet connec- 
tions of the boiler circuits to the separator are arranged tangentially, 
and the tube ends flattened to create a jet effect. This sets up a 
whirling motion of the steam-water mixture which has proved very ef- 
fective in separating the two phases. The remaining water contains a 
high salt content resulting from the concentration of the salt contents 
in the feed water during the process of evaporation into the remaining 
water. This excess water carrying the impurities, and termed the 
"Ispill-over'!", is drained from the separator, passes through a heat ex- 
changer to a hot well where it is refed to the boiler. The steam leaves 
the separator and passes through the superheater under temperature con- 
trol and then to the turbine. A reciprocating type of feed pump is used 
with the combustion air blower mounted on the same shaft. A "fixed re- 
sistance" tube similar to an orifice maintains "spill over" constant 
irrespective of load while various controls maintain the separator drum 
water level constant and prevent undue rises in water level in the case 
of sudden load drops. 

Following the above design an improved Steamotive unit (Figure 9) 
was developed for small, land, power-plants, which has also been adapted 
to experimental marine work in the past several years. This is a verti- 


cally fired unit with a circular furnace and two intermediate open passes 
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between furnace outlet and superheater. Both furnace and gas passes are 
completely watercooled. The open gas pass arrangement provides inereased 

flame length and ensures complete combustion prior to the entering of 
the furnace gases into the superheater. 

A11 units so far built are equipped for oil firing and considerably 
more research will be needed to adopt this boiler to pulverized coal 
firing. 

It is perhaps of interest to note that the earliest experimental 
boiler of this type was completed in 1926 and was tested at steam pres- 
sures from 1500 psi to 5000 psi at a capacity limited only by that of 
the pump. This capacity was about 5000 pounds per hour corresponding to 
a mass flow of about 475,000 pounds of steam per hour per square foot 
area of tube, with a final steam temperature of the order of 800 degrees 
Fahrenheit. The boiler consisted of seven circuits of one inch tubes 


with one-half inch inside diameter. 


D. Velox 

This steam boiler was first suggested in 1927 by the Research De- 
partment of the Brown-Bovari Company as a method of utilizing the large 
heat losses encountered in the experiments connected with the develop- 
ment of the gas turbines of the Holzwarth type. In January 1928 followed 
the first patent applications and shortly thereafter a small test boiler 
was constructed, upon which the original test measurements of heat trans- 
fer were conducted. During this same year a large ten-ton trial boiler 
utilizing oil fuel and a smaller unit for gas were constructed. These 
first two boilers were operated on the explosion principle and a com- 


bustion chamber was essential. Although the small unit operated quite 
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satisfactorily, difficulty was experienced with the ten-ton unit. The 
large combustion chamber (over one cubic meter) failed to give uniform 
explosions and the pressure expected. Considerable research and develop- 
ment including the application of pressure firing continued until in 
1931 there arose out of the reconstructed explosion boiler a steam gener- 
ator operating with constant pressure, which has since been given, in 
recognition of the principle employed, the name "Velox", 

The principle of operation of these boilers is quite ingenious. 
From Figure 10, it can be seen that air under pressure enters the fur- 
nace at a high velocity. The resulting high flame velocity and con- 
sequent very large heat transmission requires a highly efficient evap- 
orating system. This is provided in the form of a circular furnace 
lining composed of a number of evaporator tubes through which water and 
steam are forced by a special circulating pump. These cylindrical, 
vertical evaporator elements are equipped with internal flues into which 
the gases enter at the bottom of the evaporator element as shown in 
Figure ll. Due to the high gas velocities only about twenty-five per 
cent of the total heat transmission in the unit is effected by radiation, 
in contrast with orthodox boiler designs which absorb as much as fifty 
percent by radiation. Figure 12 shows an evaporator element equipped 
with an integral superheater element placed in the flue space. This is 
now a common feature of Velox boilers. The flue gases leave the top 
of the evaporator elements and pass to a gas turbine which in turn 
drives an axial compressor, that in turn provides the high velocity 
pressurized air for the combustion. The exhaust from the gas turbine 


in turn is discharged into the economizer where additional heat is 
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extracted. The steam and water from the evaporator tubes passes over to 
a steam separator drum where this mixture is introduced tangentially. 
The resulting whirling motion in the drum results in a steam releasing 
capacity which is one hundred - two hundred times greater than could be 
obtained from a horizontal drum-water-level. The steam discharge is 
quite dry and the danger of priming is obviated. After separation the 
steam flows to the superheating elements and thence to the turbine. 
The lower part of the drum which collects the centrifuged water acts as 
a mud drum. 

Since the Velox boiler is not self-starting, an auxiliary electric 
motor or steam turbine must be provided for this purpose. 

As previously mentioned the gas velocities in this boiler are high. 
This stems from the original research of the Brown-Bovari Company in 
which it was found that at velocities in excess of the velocity of sound, 
a heat loss is incurred in a gas turbine nozzle far in excess of that com- 
puted theoretically by the extrapolation of Nusselt!s formula for the 
heat transfer from gases flowing through tubes. The Velox steam generator 
is an outgrowth of this observed phenomenon. In a typical boiler such 
as Figure 10, the combustion chamber is lined with vertical tubes, about 
four inches in diameter, which contain the water. Each of these tubes 
contains three one inch diameter tubes which channel the flue gases at 
velocities from 660 to nearly nine hundred feet per second. It is in 
these tubes that the enormous heat absorption rates obtain. The radiant 
heat of the furnace is also effective on the furnace side of the large 


tubes surrounding the furnace. At the outlet of the combustion chamber 
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the gas temperature is about 3200 F. at about 36 psia. At the outlet 
of the small tubes this temperature has been reduced to about 1500°F. 
and a pressure of 33 psia. The gases then enter the superheater (5) 
and are reduced to around 900°F and 31 psia. From the superheater 
gas outlet the flue gases pass to the gas turbine (6) where the tem- 
perature drops to 700 P, and the pressure to about 16.5 psia. From 
the turbine the gases are forced through the economizer (7) at a 
velocity of about 400 feet per second and discharging the gas at about 
200°F. At the same time this exhaust gas turbine drives the air com 
pressor which compresses the air to the combustion chamber to 36 psia 
and 300 F. 

The first commercial Velox boiler was built in 1932 for the 
Mondville Steel Works in France. In 1933 seven were ordered, this 
figure rising to 31 units in 1935, and to 75 units in 1940. A com- 
paratively large number of these machines have been built during the 
last twelve years. 

Although this boiler has proved highly popular abroad, it has 
received only scant attention in this country. This is in part due 
to several limitations. At present its application is limited to the 
burning of gaseous and liquid fuels and in size it is limited to maxi- 
mum outputs of approximately 200,000 pounds of steam per hour. The 
limiting factor is the exhaust gas turbine which in a 200,000 pounds 
per hour unit must have an output of about 6,000 B.H.P. Because of 
the high temperatures in the gas turbine, it has proven difficult to 
increase the dimensions of the turbine rotor. Some success has been 


obtained in the past two or three years in overcoming this obstacle. 
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Considerable work has been done towards utilizing pulverized coal but 
it has proven difficult to overcome the 8:80: 52:85:85 of ash in the 
flue gas on the evaporator tubes, nozzles, and gas turbine. Since the 
main boiler customers in the United States are the central power plants 
which are predominately coal fired and concerned with large outputs the 
two limitations mentioned above preclude the early appearance of this 
boiler in the United States unless some special application is found. 

In a Velox unit the efficiency of the gas turbine will run about 
83 per cent and that of the blower 73 per cent, so that the overall 
efficiency is 60 per cent. This is not realistic, however, because 
the losses in the compressor except for bearing and casing losses re- 
mains in the cycle as increased air temperature. Consequently the 
major portion of the power required for compressor work remains in the 
system and does not affect the efficiency of the unit. 

Figure 10 is a Velox boiler with a separate superheater. This 
type is used where poor quality oil tends to cause clogging of gas 
passages in built-in superheaters. It is becoming more popular than 


the integral superheater since poorer grade oils may be used as fuel. 


E. Schmidt - Hartmann 
The Schmidt-Hartmann boiler is the best known of the so-called 
"indirect steam generators" in which the boiler water does not actually 
come in contact with the hot furnace gases. It has in reality two cir- 
cuits as can be seen in Figure 4. It may be either natural circulation 
or forced circulation depending on the operating pressure. It is of 


the recirculation type where water from the separator drum is kept 
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separate from the feed water and recirculated. The steam which has been 
separated from the water in the separator and which is free of salts, is 
carried to the main drums where it gives up its heat in passing through 
a coil bundle submerged in the feed water. The steam evolved from the 
feed water is superheated in the conventional manner and delivered to 
the turbines. 

The primary heat carrier, or separator, circuit must operate at a 
higher pressure than that of the secondary, or feed, circuit in order 
to obtain the temperature margin required for the heat transfer from the 
condensing circuit to the water evaporated in the main drums. Since 
this temperature margin is expressed by the difference in saturation 
temperatures of heating steam and feed steam, it would at first seem as 
if undue pressure differences would be required in order to create a 
sufficiently high temperature difference. However, due to the excellent 

over-all heat transfer coefficient between condensing steam and second- 
ary feed water in the main drum, the required temperature difference is 
much smaller than would be presupposed. 

As Figure 4 shows, the separation of the water-steam mixture in the 
primary circuit occurs in the separator, the steam flowing to the main 
drums* tube bundle and the residual water is passed into a small header 
or to the distributing drum. These elements and also the main drums are 
located outside the furnace area and are not exposed to the boiler heat. 
They are, therefore, free of the heat stresses due to flame exposure. 

The primary, or heating, cycle is a closed affair which experiences 
very little water loss due to leakage. What little occurs is made up 


with condensate at periodic intervals. This boiler has ample storage 
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capacity so that there will always be enough time available to shut 

the boiler down in order to prevent drying up and burning of the boiler 
tubes in cases where excessive water loss 5 by some accident, such 
as the bursting of a boiler tube or heavy leakage of joints. The con- 
dition of the primary cycle is indicated by a combined pressure and 
temperature gauge which indicates whether the primary steam is saturated 
or superheated. If superheat is indicated then the cycle is short of 
water; and the seriousness of the shortage is indicated by the degree of 
superheat shown. 

Because of the small head of water over the tube bundle in the main 
drums and the lack of water and steam spouts from the risers as in a con- 
Ti stews drum, the evaporation which takes place in this boiler 
is unusually quiet and subdued. As a result there is much less moisture 
carry over even with heavy salt concentrations. Even at heavy loads the 
moisture content in the saturated steam will not exceed 0.01 per cent. 
This is many times better than in conventional boilers and means that 
moisture and salt carry over to the turbines is a minimum. Tests have 
shown that boiler water concentrations as high as 20,000 - 30,000 parts 
per million can be admitted in the evaporator drum without endangering 


the superheater or the turbine. 


3. Forced Flow, "Once Through" Types 
A. Benson 
In 1922 Mark Benson conceived the idea of generating steam in a 
once-through boiler at critical pressure where no steam bubbling would 
occur. It was believed, then, that steam generation in small tubes at 


sub-critical pressures would meet with serious difficulties due to unequal 
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distribution of the working medium and steam bubbles adhering to tube 
walls, taking up too much of the tube area, and therefore interfering 
with heat transmission from the tube wall to the water. With critical 
pressure, Benson hoped to avoid the tube failure troubles of earlier 
once-through boilers since at this pressure no volume increase in trans- 
forming water into steam can take place. His design seemed most promis- 
ing because it made available steam at any subcritical pressure by 
throttling and then securing any desired initial steam temperature by 
reheating. An experimental unit was built by the English Electric 
Company, Ltd, at Rugby, England which proved the feasibility of boiler 
operation at critical pressure. 

These prospects coupled with the influence of the coal shortage 
in Germany induced the Siemens-Schuckertwerke of Berlin in 1921 to 
undertake commercial development of Mark Bensonts idea. But the first 
Benson boilers developed tube failures like their subcritically operated 
predecessors. The non-existence of actual evaporation due to critical 
pressure operation overthrew all theories on sticking steam bubbles and 
proper distribution of flow could be checked by the temperature of the 
working medium at the outlet of the tubes and elements. 

The greatest practical difficulty encountered, which took several 
years to discover, lay in the fact that in the region where water trans- 
forms into steam serious salt deposits occurred in the tubes. These 
deposits due to their poor heat conductivity, were responsible for a 
considerable increase in tube-wall temperature which in turn made the 
tubes liable to failure if the deposit zone was located in the radiant 
portion of the heating surface. This was the case in the earliest Benson 


boilers. 
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distribution of the working medium and steam bubbles adhering to tube 
walls, taking up too much of the tube area, and therefore interfering 
with heat transmission from the tube wall to the water. With critical 
pressure, Benson hoped to avoid the tube failure troubles of earlier 
once-through boilers since at this pressure no volume increase in trans- 
forming water into steam can take place. His design seemed most promis- 
ing because it made available steam at any subcritical pressure by 
throttling and then securing any desired initial steam temperature by 
reheating. An experimental unit was built by the English Electric 
Company, Lit, at Rugby, England which proved the feasibility of boiler 
operation at critical pressure. 

These prospects coupled with the influence of the coal shortage 
in Germany induced the Siemens-Schuckertwerke of Berlin in 1924 to 
undertake commercial development of Mark Benson!s idea. But the first 
Benson boilers developed tube failures like their subcritically operated 
predecessors. The non-existence of actual evaporation due to critical 
pressure operation overthrew all theories on sticking steam bubbles and 
proper distribution of flow could be checked by the temperature of the 
working medium at the outlet of the tubes and elements. 

The greatest practical difficulty encountered, which took several 
years to discover, lay in the fact that in the region where water trans- 
forms into steam serious salt deposits occurred in the tubes. These 
deposits due to their poor heat conductivity, were responsible for a 
considerable increase in tube-wall temperature which in turn made the 
tubes liable to failure if the deposit zone was located in the radiant 
portion of the heating surface. This was the case in the earliest Benson 


boilers. 
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The reason it took so long to discover this fundamental cause of 
tube failure lies in the circumstance that whenever a tube failed, the 
actual deposits could never be found, for, being water-soluble, they 
were washed away by the steam and water mixture escaping through the 
crack before the boiler could be stopped. 

As a result of this discovery the deposit zone was removed from 
the combustion chamber, or radiant zone, and located in the convection 
zone where the gas temperatures are low enough not to endanger the 
strength of the tube walls. This automatically involved spreading of 
a given amount of deposits over a greater tubular surface because of 
the lower heat intensity in the convection-heated portion. This in 
turn meant formation of thinner deposit layers. 

À second conclusion was that the tube failures of earlier once- 
through boilers were probably due to the same kind of salt deposits. 
It was, therefore, deemed possible to operate the Benson boiler at 
sub-critical pressures as long as the deposit region was kept in the 
convection zone. This proved to be true and since then all Benson 
boilers have been operated at suitable subcritical pressures. The 
salt deposit rate and weight of the pressure parts both decrease with 
reduction in pressure which makes for improved operation and lower 
initial cost. 

The salt deposits are disposed of when the boiler is stopped by 
flushing it for a while with feedwater to prevent overheating of the 
otherwise dry tubes due to heat from the brickwork and baffles. Benson 


boilers have been operated continuously in this way for periods up to 
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two months. For longer periods of uninterrupted service a simple 
scavanging device is provided which allows flushing of different 

groups of the salt deposit zone progressively while the boiler is 
under load. 

Equal flow distribution over all tubes connected in parallel 
is assured by the arrangement of mixing headers. These headers are 
required anyway from the construction point of view since it is easier 
to collect water in one interconnecting pipe than to transfer it in 
twenty or more parallel tubes when passing from say the economizer to 
the radiant part of the furnace. 

The Benson boiler has no drums, no recirculating pumps, an un- 
limited fuel range, a salt deposit zone located outside the furnace 
proper, is available for pressures up to critical, and does not need 
outside steam for starting and like all forced boilers is lighter and 
smaller and consequently cheaper. 

The flow diagram of & Benson boiler is reproduced in Figure 13. 
The water from the feed pump is passed through an economizer (a) which 
is arranged for counterflow between water and flue gas. The outlet is 
connected to the waterwall inlets. As Figure 13 shows, the water tubes 
are combined into groups through which the water flows in succession. 
In order to obtain an upward flow in the heating tubes the economizer 
outlet is connected by an unheated tube with the bottom header of the 
second group (b). The outlet of this group is connected to the bottom 
of a third group (c) and a similar mode of connection is used to the 


last group (d) which is the superheater group. This superheater is 
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likewise arranged for parallel. flow in order to avoid excessive heating 
of the superheater tubes. 

As in the case of all once-through boilers, reliable quick-acting, 
yet not too complicated, controls enabling the boiler to follow the most 
rapid load fluctuations without delay are essential. It has been found 
that, in general, boiler control is best effected by deriving the control 
impulses from the steam temperature instead of from the boiler pressure. 
Actual experiences, however, have shown that the Benson boiler can easily 
be made to operate at varying pressure, with the variation in boiler 
pressure being a function of the load. This and the fact that the 
specific steam volume and steam pressure decrease approximately pro- 
portionally, if steam temperature remains constant, have given rise to 
the suggestion of regulating the turbine power output by pressure changes 
at the turbine inlet, without use of a turbine throttle. In this case 
the heat drop and volume of steam passing through the turbine will remain 
nearly constant over a wide load range which in turn results in a sub- 
stantially constant themodynamic efficiency and constant specific heat 
consumption over the losd ranges Such a variable pressure Benson boiler 
was in operation in the late 1930s in Berlin in connection with a radial 
turbine of the Ljungstrom type, the steam pressure varying from 426 to 
1704 psi. 

In 1946 Mark Benson proposed a modification of the standard Benson 
boiler which, it is claimed, eliminates the feed-water difficulties 
common to "once through" boilers. The essential feature is the addition 
of an evaporator located outside the boiler proper. The whole process 


of steam evaporation is effected outside the furnace, partly by "Flashing" 
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on a small reduction in pressure, and partly by evaporation produced by 
the flashed steam after it is superheated. A continuous blow-down from 
the external evaporator is maintained. It is claimed that this permits 
the use of heavily contaminated or even salt water feed. The addition 
of the evaporator adds weight to the unit which is undesirable, but also 
it increases somewhat the amount of feed in the system wnich is advanta- 
geous from the point of view of control. 

The development of this boiler was at first rather slow. Only in 
1936 after the announcement of the German Four Year Plan did the orders 
become numerous. As the Benson is principally a high-pressure boiler, 
and as at first high pressure was considered to be economical for large 
outputs only, most of the boilers ordered were large ones having out- 
puts of 200,000 pounds per hour or more. Over 250 of these boilers have 
been and are being built, of which nearly one hundred were constructed 


for the German Navy. 


B. Ramzin 
This boiler was developed about 1930 by a Russian engineer and 

scientist named Professor L. K. Ramzin as a result of some research 
work in which he had been engaged. It is of the once through type and 
bears a resemblance to the Benson boiler. 

Figure l4 shows a flow diagram of this boiler. As the diagram shows, 
the feed water is first passed through vertical tubes which also act as 
a suspension of the coiled surface in the first pass of the boiler. The 
water is heated during this passage and the warm water is then carried 


to the economizer. From the economizer the water is discharged into the 


28 


radiant evaporator section integral with the first radiant superheater 
section, both sections being in counterflow relative to the flue gas. 
The second and third superheater sections are arranged in parallel 
flow. The flue gas, after passing through the economizer, passes 
through the interstage reheater and then the air preheater. 

Figure 2 shows another variation of this boiler. In this case, the 
feed water after passing through the economizer flows to a header at 
the lower end of the boiler furnace where it proceeds through coiled 
tubes in parallel flow to the roof of the furnace. Larger diameter 
tubes are used in the top than in the bottom of the furnace. The tubes 
are arranged to form a slag screen ahead of the superheater. 

Critical control must be used, since water storage Z small and the 
danger of burning a tube is ever present. It would seem that salts 
normally present in feed water would deposit in the upper portion of 
the furnace since this is the transition zone in Figure 2 or in the 
lower V-tubes or convection zone in Figure 14. Apparently some arrange- 
ment for eliminating salts similar to that used in the Benson boiler is 
utilized. The drop in pressure from economizer to superheater outlet 
is reported to be several hundred pounds. 

Since this boiler is a Russian development, accurate information 
on it is scarce. It is reported that as far back as 1937, twenty-six 
boilers of this type were on order. A large unit for 330,000-/44,00,000 
pounds of steam per hour at 2840 psi and 896^ - 932^ F. was in use by 
1938 and up to the time of the outbreak of World War II had given 


reasonably good service. This boiler was fired with pulverized coal. 
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An interesting side light on these boilers is the fact that 
Professor Ramzin was primarily interested in slag elimination and 
consequent furnace volume reduction, and his boiler development was 
purely a side line. In a lecture in 1938 Professor Ramzin described 
a boiler with two combustion chambers. In the first the fuel was 
burned almost completely, the ash melted and precipitated out into 
the slag bath on the chamber floor before the hot gases pass through 
screening tubes to the second combustion chamber. The heat release 
rate was very high in the first chamber and for both together amounted 
to about three times what was considered normal at that time with a re- 
duction in overall boiler size of nearly fifty percent over "once 
through" boilers of similar capacity with dry ash removal. Whether 
this idea ever progressed out of the experimental stage is not known, 
but the idea appears feasible and may be in use with the present day 


Ramzin boiler. 


C. Sulzer 

The Sulzer Monotube Steam Generator was developed about 1930. 
It operates on the 'once-through' principle and is a typical coil 
type boiler. It has all the advantages and disadvantages inherent in 
this boiler type. It resembles in principle the Benson and Ramzin 
designs, and except for the fact that there is no recirculation, it is 
similar to the Steamotive type. For high pressure and small steam out- 
puts the Sulzer unit consists of a single coiled tube of considerable 
length. The required length of tubing is obtained by connecting the 
requisite number of tube lengths by means of welded joints of the de- 


sign shown in Figure 15. In this design the tube ends are expanded and 
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a nipple having a cone at each end, inserted. This prevents weld 
metal getting inside the tube and gives correct alignment of the 
tubes. The nipple tends to act as an orifice, but the pressure drop 
is small and disturbance helps to maintain turbulent flow which is 
beneficial to heat transmission. 

In large units, several tube circuits are necessary in order to 
obtain the best operating conditions. This is also true in the case 
of low operating pressure in order to avoid excessive pressure drop 
in the boiler. A Sulzer unit operating at 500 psi and 44,000 pounds 
per hour steam output could be made up of four parallel circuits, 
each 2,500 feet long, made of 1.18 inch I.D. tubing and with a total 
heating surface of 5,380 square feet in the zone where evaporation is 
carried out. The superheater could be made of 2.05 inch I.D. tubing. 
The final velocity of the steam would be about 173 feet per second. 
The same requirements could be met with three tubes in parallel, each 
3,300 feet long and with the same internal diameter. The pressure 
drops in these two designs would be 128 psi and 28/ psi respectively. 
lf operated along with a turbine the power loss for the 128 psi drop 
would be 0.18 per cent of the boiler output while for the 284 psi drop 
the loss would be o./, per cent. 

With a high pressure boiler of say 1500 psi the feed pressure 15 
about 2000 psi and the power loss in the pump amounts to 2.7 per cent 
of boiler output. It is essential then to keep the pressure loss low 
especially as output pressure is increased. The real problem with 
this as well as other "once through" boilers is the need for quick- 


acting reliable controls which allows the unit to follow load 
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fluctuations without undue changes in boiler outlet pressure and temper- 
ature. Control cannot be based on the inlet feed water since the time 
required to traverse the boiler circuit may be several times the per- 
missible delay time. Water injection at the zone where the steam be- 
comes dry and saturated is resorted to to achieve control. The velocity 
through the superheater is much higher than that through the preceding 
evaporator section of the boiler so that the time of passage of this 
injected water to the boiler outlet is only a fraction of the time re- 
quired to traverse the whole coil. This secondary feed, therefore, 
has almost an immediate influence on the temperature of the outlet 
steam. 

The salt deposits in this boiler are eliminated by a salt inter- 
cepter as described in Chapter I. The size of this vessel will vary 
from 17 to 42 cubic feet, Figure 16 shows a typical Sulzer Monotube 


Salt Interceptor. 
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Fig. 6 —La Mont Water Wall fitted to a Bent Tube Water Tube Boiler. 
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Fig. 9 —Open Pass Steamotive Unit. 
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Fig. L1—Oil-fired Velox Steam Generator with Integral Superheater and 
Electrically-driven Auxiliaries. 


Furnace with evaporator elements and integral superheater. 

Steam separator drum. 9. Oil preheater and filter. 
Economiser (flue type). 10. Feed pump. 

Exhaust turbine 11. Feed water tank. 

Air compressor $ charging unit. 12. Water distributing header. 
Starting motor 13. Steam and water collecting header. 
14. Sat. steam line to superheater. 


. Circulating pump. 
. Fuel oil and pressure oil pump. — 15. Steam main. 
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Fig. ıı —Flow Circuit of Small 
Benson Boiler. 
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Fig. u —Flow Diagram of Ramzin Boiler. 
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III. COMPARISON OF FORCED AND NATURAL CIRCULATION BOILERS 


l. Circulation 
A. Natural Circulation and its Problems 

Natural circulation boilers are essentially similar in their 
modes of operation irrespective of whether they are of the bent-tube 
or straight-tube types. On the other hand, forced circulation boilers 
are of two rather distinctive main types. In this chapter, wherever 
possible, the natural and forced circulation boilers will be compared 
in general, but where necessary to show the proper picture, the com- 
parison will be made with each kind of forced circulation individually. 

Since the difference in circulation is the basic cause of all the 
other dissimilarities between these two kinds of boilers, it is logical 
to start with a description of the principles of natural circulation 
and the problems which result from it, followed by a discussion of 
forced flow as it pertains to the same conditions, along with its at- 
tendant problems. Other differences, of which there are a number, will 
then be compared. 

In order to illustrate the principles of natural circulation the 
simplest type of evaporating circuit such as shown in the sketch will 
be used. This circuit has no restrictions 
in either the riser or downcomer leg and 
the tube is of uniform diameter. When 
heated on the riser leg this circuit will 
produce the maximum circulation, that is, 


the maximum weight of water and steam 
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through the circuit for a given head. 

Any departure from this simple circuit which introduces 
resistances to flow such as headers, reduced tube areas, sharp bends, 
etc. will reduce the weight of water circulated. A reduction in 
height of downcomers, or heating of water in the downcomers with con- 
sequent steaming and reduction of density of the mixture entering the 
= riser, will also cause a decrease in available head and flow. 

The calculation of natural circulation is not an exact science 
since there are a number of factors involved which are difficult and 
sometimes impossible to determine. Several circulation theories have 
been proposed such as the "expansion" and "thermodynamic" theories. 
The theory which seems to give reasonably accurate results. and — 
is the one most commonly used today considers natural circulation as 
& "pumping! process in which the static head available to overcome all 
resistances in the circuit depends upon the density of fluid in the 
risers and downcomers. The various factors involved in this method 
have been known for a number of years, but different designers applied 
varying weight وہ‎ to each of the terms. Within the last ten to 
fifteen years because of acceptance by many of the foremost boiler de- 
signers the method has become fairly standardized. Appendix "A" — 
this theory as applied to a simple U-circuit and also shows how it 
stems from the General Energy Equation for flow. 

The entrance loss is taken equal to one-half the velocity head at 
inlet. The velocity head in this case is based on the velocity and re- 


lative density at the inlet. 
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Us“ 
š x 25 x rel. density 


Some designers will double this to compensate for turbulence losses 
in headers or due to bifurcated or trifurcated tubes if such exist 
in the circuit. 

The exit loss is taken as one velocity head. The velocity and 


density in this case is based on exit values. 


و 


2g x rel. density 
Ihe friction loss comes from the Fanning equation and is based 
on midpoint velocity and density. 


2 
ونا كبا‎ x rel. density 
D x 2g 


f = dimensionless factor = 0.006 


Um = midpoint velocity, feet per second 
Z = tube height, feet 
D = inside diameter of tube in feet 


g = 32.2 feet per second per second 


There exists some disagreement as to the proper value of f ه‎ At 
present 0.006 is appearing more frequently in the literature and is 
being used by the boiler manufacturers, even though 0.005 is the value 
most commonly seen. At best it is merely a conservative guess as to 
the relative roughness in boiler tubes and helps to account for some 

of the indeterminate factors in circulation. In this paper 0.006 will 
be used. Appendix "B!" gives several examples of how this compares with 


actual values. 
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The acceleration loss is a function of the difference in velocity 
of the water at entrance and the velocity of wet steam at exit of the 


tube. 





Us 
Up - U. 
= (üg = Us) 


The criterion of adequate circulation is the complete protection 
of the tubes. Just what is necessary to obtain such complete protection 
is not positively known. It is generally believed that a mixture of 
75 to 80% steam by volume will give ample protection to the top end of 
tubes at any pressure providing the velocity is such as to give tur- 
bulent flow. The tube angle and inside diameter also have a bearing on 
tube protection. Boiler designers generally assume that the tube is 
uniformly heated over its entire length and that there is no slip between 
the steam bubbles and the water. In the average boiler the rate of heat 
absorption is greater in the bottom portion of the furnace. Therefore, 
the assumption of uniform heat tends to give too high a value for the 
specific volume of the upper portion of the heated tubes. On the other 
hand, some slip velocity exists between the steam bubbles and the water. 
Moreover slag accumulations will be heavier in the zone of highest tem- 
perature which is the lower section of the furnace. The neglect of slip 
and the effects of slag tend to balance the inaccuracy of assuming wni- 
form heat absorption. As a result uniform heat absorption is a realistic 
assumption in the average boiler. 

The simple U-tube which is simpler than a boiler circuit will now be 


used to illustrate the limitations and problems inherent in natural 
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circulation. Calculations will be made for 500, 1000, 1500, 2000, 2500, 
3000, and 3100 psi. These pressures are for saturated temperature con- 
ditions. The 500 psi calculation will be shown in detail, both to il- 
lustrate the method and to clarify certain steps along the way. For 
the other pressures the data will be given in tabulated form with ac- 


companying graphs. Three items will be held constant 


Tube height 60 feet 


Inside tube diameter 


1 inch 


70000 BTUs per sq ft. 
per hour. 


Constant heat absorption rate 


It is assumed that there is no steaming in the downcomer, so that a 


solid flow of water enters the riser. 
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Graph No. 3 
Changes In Density 





Case 1 500 psi and 467°F saturation temperature 


From Graph 1 for the above conditions of pressure and temperature the 


tube thickness for one inch I.D, tube is .075 inch. 
. Outside Diameter = 1.15 inches 


Projected area of boiler tube exposed to furnace heat:- 


Les. x 60 = 5:75 541» fp. 


Total heat input to tube :- 


5.75 x 70,000 = 402,500 BTUs per hour 


From the Steam Tables the enthalpy of evaporation is equal to 755 BTUs 


per pound, The evaporation or mass rate of steam is:- 


m (steam) = መረረ = 533 pounds per hour 


Assume that there is 75% steam by volume leaving the top of the 
tube. From Graph 2 this gives a top dryness (percent by weight of steam 
at top of tube) of 0.06 


S.H (water) - 22. = 8880 pounds per hour 
The mean density is then calculated. This is not the arithmetic 


mean, but rather is based on the condition of uniform heat absorption: 
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Heat absorbed by lowest portion 1, of furnace wall tube‏ ېه 
Q, -Heat absorbed by greater portion l, of furnace wall tube‏ 


157 and 1, - see Qi and Q^ above 


Graph 3 shows a plot of the changes in density along ihe tube for 
saturated water at the bottom and a top dryness of 0.18, correspond- 
ing to a top density of 13.3 pounds per cubic foot which means a top 
density relative to water of 0.305. Curve A is a straight line giving 
an arithmetic mean density at midpoint. Curve B is based on uniform 


heat absorption while Curve C is based on:- 


This curve is an example of a completely clean boiler which shows how 
density tends to vary if the heat absorption is non-uniform and is 
greater in the lower region of the tubes. Most designers use densities 
as indicated by Curve B, but there are a few who consider this too high 
and apply a so-called “experience factor" to arrive at densities between 
Curves B and C. 

The true mean density of the mixture of steam and water in Curve 


B is given by the following empirical equation:- 


= 
18 


i. 
X 


23 


ori Lidge eho ١ ' A x 
1 ' (Mem, م‎ 1 - 


UOJ Wik Kuren “w | 
وس‎ crier a: | 


وم بت ۰ 


سلا v ۵ ku‏ ووو دې 


لک تو و 2 

۱ ١ "ae s 
L | ۱ = ት بت‎ E كه‎ 
" — sh = £ 


ም E E ې‎ 






E True mean density, pounds per cubic feet 
ln = Natural logarithm 
X 


= Top dryness, percent 


Spec. volume of water at sat. temp. (Steam Tables) 


Spec. volume of steam at sat. temp. (Steam Tables) 


The true mean density of the steam - water mixture in this case 


is:- 


r. Bea d 
0.06 0.9278 - 0.0197 
0.0545 

W= 0.361 

Š O. 61 1 1 
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dg = 18:33 113.77 
dm = 24.3 pounds per cubic foot 


From the Steam Tables V+ = 0.0197 therefore the density in the downcomer 


and at entrance to the riser is:- 


1 
ds 2 vl = 50.8 pounds per cubic foot 


The available head from Appendix "A" is:- 


d d 
d 
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d = dẹ since no steam in downcomer. 


202 . 243) ږ‎ 60 = 31.3 feet 


Therefore ( 50.8 


If the assumption of top dryness = 0.06 is correct the sum of the 
losses in the circuit will just balance this static head. There are 
five losses in this simple circuit; entrance loss, friction loss in the 
downcomer, friction loss in the riser, acceleration loss in the riser, 
and exit loss. In order to calculate these losses it is first necessary 
to determine the velocity of the water U,, the exit velocity Ur, and the 
midpoint velocity in the riser U,. The first two of these are calculated 
from the Continuity equation in which the m and A are constant. The 


variation in velocity then is entirely dependent on change in density. 


m = UAd (Continuity Equation) 


m = mass rate, pounds per hour 





U = velocity, feet per second 
A = cross sectional tube area, square feet 
d = density, pounds per cubic foot. 


Therefore U = ñ 
Ad 


5 8880 Ë 
ጩ 3600 x 50.8 x مقر‎ 8.92 ft. per sec. 


To get the velocity at riser exit, the density of the wet steam 
must first be determined. Using values of specific volume from the 


Steam Tables and the assumed top dryness of 0.06:- 
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Vy = 0.0197 # 0.06 (0.9081) 


0.0742 cubic feet 


13.47 pounds per cubic foot 


Therefore dp 


8 5 
Therefore Up = 3200 — -005h5 ^ 33.6 ft. per second 


Based on uniform heat absorption, an equal amount of steam will 
be generated in each foot of tube length. Therefore, the specific 
volume of the mixture and its velocity increase uniformly as a straight 
line function of tube length. The velocity head increases as the square 
of the velocity, but the relative density decreases in inverse proportion 
to the specific volume or velocity. Therefore, the product of velocity 
head times relative density will vary in direct proportion to the velocity 
or specific volume. Since friction loss is a function of this product, 
it is evaluated on the basis of an arithmetical average between the inlet 
and outlet velocities. This is the midpoint velocity and along with the 
midpoint relative density will be used to evaluate the friction loss in 


the riser. 


pr auiem - ፍጩ .6 
m 2 1 2 


Un = 21.28 feet per second 


dm = 20.8 £ 2257د‎ = 32.13 pounds per cubic foot 


Using the above velocities the losses are: - 


56 





0 uM S (V. 


Api dea SUD. o- 


MUS v« dua mut. 8 و سس سے‎ 


-< ۳۰ 


— 


nd | a 
dm 8 | uU» | * سا 0 کے | ہت‎ ۹ ጨ 
x | فا اندي ٭‎ h 4 Pr 


ጨጨ፦- ብይ ہے‎ 


17 | ۹ f 1 Um | 1 






1. Entrance loss 





< 2 
فك‎ U s 1 8. 2 አ 
= መፈ ۰ e =~ 1 - 0.62 ገ 
2 x 26 x rel. den 2 x 6 35 x 
2, Friction loss in downcomer 
4fZU 2 
5 x rei. den. - 4(.006)(60)(8.92)^. 1 = 21.40 ft. 
D x 2g 40833 x 64.535 


3. Friction loss in riser 


x rel. den. = 4(.006)(60) 21.28)" + ۷۴‏ انګ 
D x 2g .0833 x 64.35 50.8‏ 


h. Acceleration loss in riser 
Us 2 892 5 = 
کے‎ (Une Ug)= 32.2 (33.6 8.92) 6.85 Dt 


5. Exit loss : 
Up“ (33.6) 13.47 


ae * rel. den. = “24.35 * 50.8 7 4-66 ft 
The sum of the losses is:- 
.62 4 21.40 4 77.2 46.85 £ 4.66 = 110.73 ft 
Available Head - 31.30 feet 


Losses - 110.73 feet 


The losses greatly exceed the available head which indicates that 
the assumption of top dryness was too low. So assume several larger 


values and repeat the steps above. This will give:- 
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0.22 
2425 
50.8 
12.1 
4.55 
27.67 
2.43 
14.82 
27.2 
45.8 
36.7 


0.15 
3553 
50.8 
15.25 
6.42 
28.61 
3.565 
15.91 
28.25 
42.0 
46.1 


0.12 
hU 
50.8 
18.2 
Ta 
29.28 
5را, ہا‎ 
16.78 
29.12 
38.5 
She’? 


Top dryness 


Mass rate of water, pounds per hour 

Density of water, pounds per cubic foot 

Mean density of mixture, pounds per cubic foot 
Density of exit mixture, lbs. per cubic foot 
Midpoint density in riser, lbs. per cubic foot 
Velocity of water, feet per second 

Midpoint velocity in riser, ft. per second 
Velocity at exit, feet per second 

Available head, feet 


Total losses, feet 


These three points are plotted feet of head against top dryness as 


If à curve is now drawn through the plotted heads, and 


in Graph 4. 


another through the losses, these intersect at the equilibrium point which 


With this 


gives the top dryness and head necessary for stable operation. 


exit steam condition know, the other pertinent data for 500 psi may be 


See summary at end of these calculations. 


computed. 
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Grap h No. 4 
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Case. T 
Soo psc, 467°F 
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0 
Case Il 1000 psi and 544.6 F saturation temperature 


From Graph 1 for above conditions the tube thickness for a one inch I. D. 


tube is 4,095 inch. 


A" Outside diameter = 1.19 inches 


Using method of Case I with three different assumptions for top dryness 


0.16 
4010 
46.3 
21.0 
11.2 
28.75 
تام با 
11.36 
18.29 
32.8 


30.15 


649.4 BTUs per 1b. 
641 lbs per hour 


0.15 
4280 
46.3 
21.65 
11.74 
29.02 
4.73 
11.66 
18.6 
32.0 


32.5 


5.95 feet 


116,000 BTUs 


0.13 
4935 
46.3 
22.95 
13.0 
29.65 
24. 
12.38 
19.35 
30.25 
38.56 


the following data is obtained:- 


Projected area of tube 
Total heat input to tube 
Enthalpy of evaporation 


Mass rate of steam 


Top dryness 

Mass rate of water, pounds per hour 

Density of water, lbs, per cubic foot 

Mean density of mixture, lbs. per cubic foot 
Density of exit mixture, lbs. per cubic foot 
Midpoint density in riser, lbs per cu. ft. 
Velocity of water, feet per second 

Midpoint velocity in riser, ft. per second 
Velocity at exit, feet per second 

Available head, feet 


Total losses, feet 


Graph 5 is the equilibrium diagram for this data. 
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Case III __1500 psi and 596.2°F saturation temperature 


From Graph 1 for above conditions the tube thickness for a one inch l.Do 


tube is 0.113 inch. 
e e Outside diameter = 1.226 inches 


Using computations as in Case I with four different assumptions for top 


dryness the following data is obtained:- 


Projected area of tube 6.12 square feet 


Total heat input to tube 429,000 BTUs 


Enthalpy of evaporation 556.3 BTUs per lb. 

Mass rate of steam 770 lbs. per hour 
Top dryness 0.16 0.17 0.19 0 
Mass rate of water, lbs. per hour 1805 4530 4050 3850 
Density of water, lbs. per cu. ft. 12.55 12.55 142.55 12.55 
Mean density of mixture, lbs. per cu. ft. 214.8 2.3 29.2 22.5 
Density of exit mixture, lbs. per cu. ft. 15662 15605 180696 135 
Midpoint density in riser, lbs. per cu. ft. 29.1 28.8 28.25 28.0 
Velocity of water, ft. per second 5.77 543 486 ۸ 
Midpoint velocity in riser, ft. per sec. 10.73 10.4, 9.83 9 
Velocity at exit, ft. per sec. 15.7 15,328 14.8 — 14455 
Available head, feet 25.0 2558 27.3 2550 
Total losses, feet 33.6 30.8 2658 7 


Graph 6 is the equilibrium diagram for this data. 
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Case IT 
1000 pSt, 544.6?F | 


0.12. 0.13 0.14 0.15 0.16 
Top Dryness 
- 34 
+ 
Graph No. 6 
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Top Dryness 


62 


Head 


Feet 


Feet Head, 


` 


AAA 





Case IV 2000 psi and 635.8 F saturation temperature 


From Graph 1 for above conditions the tube thickness for a one inch 


Ie De tube is 0.133 inch. 


. + Outside diameter = 1.266 inches 


Using computations as in Case I with three different assumptions for 


0.27 
3540 
38.9 
22.7 
اه ېلد‎ 
26.65 
le bh 
8.59 
12.55 
21.9 
21.6 


6.32 square feet 


463.4 BTUs per 1b. 


956 lbs. per hour 


BTUs 


0.23 5 
4160 3820 
38.9 38.9 
2h.1 23.9 
15.9 15.1 
2704 0 
eh 1 
9.33 ۹6 
13.4 2 
22.75 7 
27.58 24.2 


top dryness the following data is obtained:- 


Projected area of tube 
Total heat input to tube 14443 ¿000 
Enthalpy of evaporation 


Mass rate of steam 


Top dryness 

Mass rate of water, lbs. per hour 

Density of water, lbs. per cu. ft. 

Mean density of mixture, lbs. per cu. ft. 
Density of exit mixture, lbs. per cu. ft. 
Midpoint density in riser, lbs. per cu. ft. 
Velocity of water, ft. per second 

Midpoint velocity in riser, ft. per sec. 
Velocity at exit, ft. per second 

Available head, feet 


Total losses, feet 


Graph 7 is the equilibrium diagram for this data. 
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Case V 2500 psi and 668,1 F saturation temperature 


From Graph 1 for above conditions the tube thickness for a one inch 


= 1.305 inches 


lo De tube is 0.1525 inch. 


e. Outside diameter 


Using computations as in Case I with three different assumptions for 


0.40 
3170 
2555 
21.72 
14.35 
24.6 
4.65 
7.97 
11.29 
22.55 
19.86 


360.5 BTUs per lb. 
1269 lbs. per hour 


0.38 
3338 
34.8 
22.05 
14,8 
24.8 
4095 
8.3 
11.65 
21.9 
21.93 


w 


6.525 sg. ft. 
456, 500 BTUs 


0.36 
3525 
34.8 
22.45 
15.2 
25.0 
5.16 
8.5 
11.84 
21.3 
باه 2 


top dryness the following data is obtained:- 


Projected area of tube 
Total heat input to tube 
Enthalpy of evaporation 


Mass rate of steam 


Top dryness 

Mass rate of water, lbs. per hour 

Density of water, lbs. per cubic foot 

Mean density of mixture, lbs. per cu. ft. 
Density of exit mixture, lbs. per cu. ft. 
Midpoint density in riser, lbs. per cu. ft. 
Velocity of water, ft. per sec. 

Midpoint velocity in riser, ft. per sec. 
Velocity at exit, ft. per sec. 

Available head, feet 


Total losses, feet 


Graph 8 is the equilibrium diagram for this data. 
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2000 رادم‎ 635.0°F 
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22 
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Graph No. 8 
Case Y 
2500 psi, 668.1 °F 
22 
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Feet Head 








0 
Case VI 3000 psi and 695.4 F saturation temperature 


From Graph 1 for above conditions the tube thickness for a one inch 


I. D. tube is 0.17 inch. 


o e. Outside diameter = 1.34 inches 


Using computations as in Case I with three different assumptions for 


0.79 
2728 
28.9 
19.2 
1338 
21.1. 
4.82 
7.61, 
10.46 
20.1 
19.5 


217.8 BTUs per lb. 


2155 lbs. per hour 


0.77 
2800 
28.9 
19.33 
13.51 
21.2 
h. 91, 
774 
10.55 
19.85 
20.27 


ft. 


BTUs 


0.75 
2870 
28.9 
19.5 
13.7 
21.3 
Del 
7.9 
10.7 
19.44 
21.15 


top dryness the following data is obtained:- 


6.7 sQe 
469 , 500 


Projected area of tube 
Total heat input to tube 
Enthalpy of evaporation 


Mass rate of steam 


Top dryness 


Mass rate of water, pounds per hour 
Density of water, lbs. per cu. ft. 

Mean density of mixture, lbs. per cu. ft. 
Density of exit mixture, lbs. per cu. ft. 
Midpoint density in riser, lbs. per cu. ft. 
Velocity of water, ft. per sec. 

Midpoint velocity in riser, ft. per sec. 
Velocity at exit, ft. per sec. 

Available head, feet 


Total losses, feet 


Graph 9 is the equilibrium diagram for this data. 
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100 psi and 700.3?F saturation temperature 


Case VII 


From Graph 1 for above conditions the tube thickness for a one inch +۰ 


tube is 0.17 inch. 


0 Outside diameter = 1.35 inches 


Using computations as in Case I with three different assumptions for 


1.10 
2550 
26.95 
18.04 
12.61, 
19.8 
4.83 
7.56 
10.3 
19.8 
19.4 


168.1 BTUs per 1b. 


2810 lbs. per hour 


1.05 
2678 
26.95 
18.32 
12.95 
19.95 
5.07 
7.81 
10.55 
19.20 
20.98 


6.75 2415 tf, 
472,500 BTUs 


1.02 
2193 
26.95 
18.42 
13.14 
20.05 
5.21 
7.96 
10.7 
18.95 
21.96 


top dryness the following data is obtained:- 


Projected area of tube 
Total heat input to tube 
Enthalpy of evaporation 


Mass rate of steam 


Top dryness 

Mass rate of water, lbs. per hour 

Density of water, lbs. per cu. ft, 

Mean density of mixture, lbs. per cu. ft. 
Density of exit mixture, lbs. per cu. ft. 
Midpoint density in riser, lbs. per cu. ft. 
Velocity of water, ft. per sec, 

Midpoint velocity in riser, ft. per sec. 
Velocity at exit, ft. per sec. 

Available head, feet 


Total losses, feet 


Graph 10 is the equilibrium diagram for this data, 
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Graph No. 9 
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21 3000 psi, ۴ 
20 
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22 
Graph No. Jo 
Case VI 
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Summary of Equilibrium Circulation Data 


For the Preceding Seven Cases 





TABLE 1 
1 II 13-18 JY VI 17 
0.163 0.1515 0.1865 0.251 0.380 0.778 1.090 
89 79 73 2 7 98 9 
533 64 770 956 1269 2155 2830 
3270 1230 4130 3810 3338 2730 2580 
50.8 46.3 42.55 38.9 34.8 28.9 26.95 
l5 H5 Ba 2595 2240 193 18.1 
5.96 11,606 X2 1540 سل کیبل‎ ۲ 
28.38 28.98 28.35 27.0 24.8 21.2 19.8 
3.28 تا 66ا‎ dD 4.95 4.82 8 
15468 116 — 9,9 9300 ይ G. 
26:20 18.5 >ጩጭ9 369 3167 o 
43.2 32.2 27.1 24.0 21.9 19.95 19.7 


Case number 


Equilibrium top 
dryness 


Steam by volume, 
percent 


Mass rate of steam, 
lbs per hr. 


Mass rate of water, 
lbs. per hr. 


Density of water, 
lbs. per cu. ft. 


True mean density 
in riser, lbs. 
per CUe Tin 


Density of exit 
mixture, lbs. per 
cu. ft. 


Midpoint density in 
riser, lbs. per 
cue ft. 


Velocity of water, 
ft. per sec. 


Midpoint velocity in 
riser, ft. per sec. 


Velocity at exit, ft. 
per sec. 


Available head, ft. 


"This case is unrealistic since it shows more steam leaving the tube than 


It is included here merely to show how natural circu- 
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For the simple U-tube and the conditions of tube size and heat 
absorption chosen, the steam by volume is too high in the 500 psi case 
and satisfactory in the next four cases. At less than 3000 psi it 
again becomes unsatisfactory. It should be remembered that in an 
actual boiler circuit the friction loss would be greater due to 
headers and restrictions, and any heating of the downcomer would re- 
duce the available head. These would combine to increase the top 
dryness and, therefore, the steam by volume so that the one inch I.D. 
tube would prove unsatisfactory at all pressures. 


The circulation ratio in Case I. is 7.14:1 


C. Re m ZSS rate water à l 5 لدو ل‎ 
mass rate steam ” top dryness 1 


This is too low for tube protection. In order to bring the steam by 
volume down to 75% it would be necessary to have a top dryness of 
0.06 which corresponds to a circulation ratio of 17.7:1. Under these 
conditions a 10% reduction in water flow would reduce the circulating 
ratio from 17.7 to 15.9. This provides a considerable margin for in- 
equality of flow between various tubes in a given circuit. In order 
to get this high circulation ratio without altering tube size, forced 
circulation would need to be used since there is only one equilibrium 
condition for these conditions in natural circulation. The use of 
forced circulation with its greatly increased circulation ratio to 
bring the steam volume in Case I down to safe limits, necessitates 

an increase in water and wet steam velocities in the circuit. This 
increases the losses, but since there is always a positive head on 


the circuit, they are of minor consideration, To illustrate the 
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calculation for forced circulation, take the data as originally com- 
puted in Case 1 for a top dryness = 0.06 corresponding to 75% steam 


by volume. 


m (steam) 


333 lbs. per hr. 


m (water) = 8880 lbs. per hr. 


222... 
0.06 


Area of Loner I. D. tube = 0.00545 SGe TT e 
Density water - 50.8 lbs. per cu. ft. 


Density exit = 13.47 lbs. per cu. ft. 


y ity of water = پس لا لټ‎ ms 8.92 ft. per sec. 
BELLY Amber m ri 8 


i i 8880 = 33.6 ft. . 
Velocity at exit 3500 x .00548 x 13.17 33 ft. per sec 


Midpoint velocity in riser = 8.22 Z 22.5 =x 21.26 ft. per sec. 


Circulation በ8846 @ س س‎ = 17.7 


At high pressure of say 2000 psi as in Case IV the natural cir- 
culation ratio for eguilibrium is 5:1. Any reduction in water flow 
under these conditions might result in a ويك‎ መጠ condition. Ina 
natural circulation unit of conventional design, it is extremely dif- 
ficult, if not impossible, to be assured of uniform distribution of 
water to all the tubes in a given circuit. Recirculation is employed, 
but not all circuits operate with the same circulation ratio, because 
of difference in length, and variations in heat transfer due to physical 


location in the furnace, degree of slagging, soot formation, etc. It 
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is necessary to design for average conditions corresponding to a higher 
circulation ratio than the minimum required. In a high pressure natural 
circulation unit the minimum practical ratio is 5 to 1 and most designers 
prefer to use 6 or 7 to le This results in only 60 to 65% steam by 
volume leaving the circuit, but gives protection to the tubes when 

water flow is reduced. 

In a controlled forced circulation unit, orifices are installed 
at the entrance to the heated tubes which equalizes the water flow 
between various tubes and counteracts the effect of variations in heat 
absorption between tubes. Under these conditions it is safe to design 
for a lower circulating ratio such as 4:1 with a correspondingly higher 
percent steam by volume. 

Ihe summary of the seven calculations brings out how the density 
of saturated water decreases with pressure from 50.8 pounds per cubic 
foot at 500 psi to 28.9 pounds per cubic foot at 3000 psi. At the same 
time the density of the wet steam at exit increases and then falls off. 
This is due to the varying percentage of water in the steam. The true 
mean density in the riser increases as the steam volume decreases and 
decreases in Case VI when the steam by volume increases. These changes 
in density affect the available head and the velocities as is seen in 
Table 1. 

The increase of true ወዲይ density tends to decrease the available 
head, while the decrease of water density also decreases the head. 

The available head decreases continuously throughout the range of 
pressure investigated. Even when the true mean density started decreas- 


ing, the decrease in water density was greater so that the available 
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head continued to drop, but at a lesser rate. This means that there 
is less head available to overcome the losses as pressure is increasedo 
The designer of natural circulation must make every effort to keep the 
losses, especially friction, to a minimum particularly at higher pres- 
sures, This is the main reason why large tubes are used as will be 
discussed later. In forced circulation the head is supplied by the 
pump and does not depend on the pressure in the circuit. 

The water velocity from Table 1 after an initial increase from 
Case I to Case II stayed nearly constant. This was because the mass 
rate of water decreased with increase in pressure in approximately 
the same ratio as the water density dropped off. The exit velocity, 
however, dropped off to less than one-half its initial value because 
the increase in exit density had a greater effect than the mass rate 
of water. The velocities at exit for the high pressures create 
another problem for the designers of natural circulation. If, due 
to changing load or some other nappenstance, the flow is reduced in 
a particular circuit for a short wnile, the exit velocity will be 
lowered thus causing the tube wall to heat up. At high pressures 
the saturation temperatures and, therefore, the tube wall temperatures 
are already quite high. Such slowing of the cooling mixture in the 
tube could easily cause overheating of the tube metal and consequent 
failure especially if repeated very often. The same thing could hap- 
pen in any sluggish circuit if, for example, a piece of slag were to 
drop off exposing the tube to a greater heat input localiy. The 
steam formed would be held back by the slower moving mass in the tube 


above and the tube metal would tend to overheat. This cannot happen 
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in forced circulation because of the flow regulating orifices at the 
entrance to all tubes and the constant positive head on the system, 

It has been shown how Case I may be corrected by applying forced 
circulation. The designer of natural circulation can also correct this 
design to insure sufficient water for tube protection. There are two 
methods which may be used, namely: (1) reducing the tube length and 
(2) increasing the tube diameter. 

(1) Reducing the tube length is undesirable since this reduces 
the projected area of tube exposed to ihe heat of the furnace, which, 
in turn, reduces the amount of steam generated and, therefore, the 
steaming rate of the boiler. If the tube length in Case I is reduced 
from 60 feet to 30 feet, the mass rate of steam is reduced from 533 
pounds per hour to 266 pounds per hour. The steam by volume has now 
been reduced to 73 percent which means there is enough water present 
to protect the tube but only at the expense of steam generation. 

(2) Increasing the tube diameter is the most likely way of cor- 
recting this design. Suppose the inside tube diameter is increased 
from one inch to two inches, the mass rate of steam is thereby in- 
creased from 533 pounds per hour to 1030 pounds per hour which means 
nearly twice as much working fluid, and the steam by volume is now 
only 64.5 percent. 

In an actual boiler circuit the steam by volume would, of course. 
be higher than for this ideal circuit, but unless of unusual design, 
the tube would still be protected with the volume of steam probably not 
exceeding 70 percent. In practice, however, boiler tubes in boilers 


designed for around 500 psi will range from 2i to over 33 inches I.D. 
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with the latter being the more common. This is because of lack of 
faith in the various theories of circulation. Some of the theories 
in themselves are fairly good, such as the one illustrated, but with 
most types of boilers, it is impractical to attempt any rigorous 
analysis of circulation, due to the indeterminate division of flow 
between tubes connected in parallel between drums and headers. As 
mentioned before some circuits are exposed to greater heat input 
than others because of their physical location within the boiler. 
The degree of slagging, sooting, scale formation, and type of fuel 
fired, all cause local variations in heat absorption in the tubes, 
The designer must design the boiler so that even the circuit with 
the highest heat absorption is protected at all loads, This means 
that the majority of the circuits circulate more water than necessary 
for their protection alone. With so many indeterminate factors the 
boiler designer must use a large factor of safety represented by the 
large tubes above. 

At pressures of 800 to 1500 psi, modern boilers use somewhat 
smaller tubes, This tendency is substantiated by Table l which shows 
the least steam by volume to be present for Case III (1000 psi) and 
Case lV (1500 psi). On the other hand a return to four inch 0.D. tube 
size (3.52 inch I.D.) was deemed necessary in the design of a recent 
high capacity natural circulation boiler operating at the unusually 
high pressure of 2450 psi. Table l also substantiates this, since 
Case V (2500 psi) and Case VI (3000 psi) show an increase in volume 
of steam over the previous case, indicating a need for larger diameter 


tubes. 
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As was shown in the calculations the head available for circu- 
lation is the head created by the difference in density of the fluid 
in the downflow and upflow circuits, minus the loss in head caused by 
fluid friction, turbulence and acceleration. If too much head is 
used in fluid friction and turbulence, then too little remains avail- 
able for circulation. These facts impose limits on the arrangement 
of steam-generating tubes and also result in large tubes which have 
less friction loss than a small tube. To illustrate using the data 


fron the calculations for 500 psi:- 


l inch I+D» tube 


Friction loss in downcomer 


2 2 
لام تب‎ x rel. den. - 2006) (60 . ጁ 1 = 5,352 feet 
d x 2g .0833 x 64.35 


Friction loss in riser : 


2 
006) (60) (14656 x 0383 = 21.88 feet 
0233ء‎ X 4035 


2 inch J.D. tube 


Friction loss in downcomer 
2 


„006) (60) (7.80 ። 
167 x سوہ‎ 5 x i 8.28 feet 


Friction loss in riser 
2 


e. 006 60 12. = 
“ሬው x 5293 = 12.2 feet 
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In forced circulation, tube friction does not detract from the circu- 
lation head and is, therefore, a minor consideration, This helps to 


explain wny small tubes and higher velocities can be used. 


Be Forced Circulation Problems 





In forced circulation the designer has much more control over 
the various factors involved in circulation since there is at all 
times a positive head on the system which emanates from the pump. 
Using the previously calculated example of Case I involving forced 


circulation, page 71, the pertinent data is: 


z (steam) = 533 lbs. per hr. 


Eje 


(water) = 8880 lbs. per hr. 


The circulating pump must handle 533 £ 8880 = 9413 pounds of water 
per hour. In this case a large excess of water flows through the 
circuit which indicates a forced circulation boiler of the recircu- 
lation type. 

In this type boiler the net positive head on the system assures 
flow in the right direction at all times in the tubes. The circulat- 
ing pump which is the key to the whole design presents several in- 
teresting problems. the temperature at the pump is equal to the 
saturation temperature for drum pressure, The pressure at the pump 
is higher than drum pressure by the pressure equivalent of the dif- 
ference in elevation, minus the head loss in the piping since the 
pump must always be placed at a lower level than the surface of the 


liquid in the boiler. If the boiler pressure should drop suddenly 
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by a few pounds, as sometimes happens, there is danger that the cir- 
culating pump will flash because the water at the pump suction is 
still at the temperature of saturation of former drum pressure. 
This tendency to flash decreases with increase in pressure, At 

LOO psi boiler pressure a drop of 1°F means only 3.8 psi decrease, 
but at 1200 psi, it means 9 psi decrease, It is highly desirable, 
therefore, that this pump operate with a considerable net positive 
suction head. This can be assured by designing so that the piping 
loss is substantially less than the pressure increase due to ele- 
vation, and by "stabilizing" the circuit. "Stabilizing" means to 
inject the make up feed water directly into the circulating pump 
suction instead of the economizer. if the make up feed water is at 
300°F, this is 234 F below the saturation temperature of 531, F cor- 
responding to 900 psi. The quantity of this feed water is small, 
but it is sufficient to lower the pump temperature several degrees 
thus preventing flashing. 

The high pressures and temperatures of the pumps create severe 
stuffing box problems. Many ingenious designs have been worked out, 
but this feature is subject to improvement, especially at very high 
temperatures. By using an overhung impeller with both bearings on 
the same side of the pump, only one seal is required. Figure 17 il- 
lustrates this type which is preferred in this country. Some foreign 
installations contain a bearing and a seal on each side of the pump. 
Spare circulating punps are usually installed to take care of pump 
breakdoms which have been surprisingly few in practice, and to allow 


pump inspection and repacking without reducing load on the boiler, 


78 












a 
— I u“ 








IA E ጓጓው‏ طط 9:4 ج وت w-‏ هل 

GE O mma do ads ie ፡ 

ہں تست د کیو سر دو ° u‏ 
ከ: [‏ وف 
it am |‏ وم ٢‏ > ' | 












ج 


5-5 
- 







€ نے 


በሌ s 


High Pressure Low Pressure 


E‏ سح 
Ta d‏ 
^' 
N y‏ 
E‏ 
ل 
a ህን‏ 
Haza‏ 2 
u‏ 
a‏ ې 
፦ ps IS pSt‏ 
To‏ 
T ደ TA Flash Tonk‏ 
ጎን 9.3 3‏ له ٠‏ 
ot $2 qi [=‏ 
wo On ye መን‏ 
à‏ - ک0 <0 | 
|2 چو Impeller qu.‏ 
e í a‏ عدر 27 P‏ 
= ?| ۱ / 
odd ) > EE) aC‏ 
፳፳ TESTS‏ 
$ ——— سد اث —— — nn‏ 
111111000 وت psi‏ 2060 
7 یه wy,‏ 
9 
/ 
^r. / Water‏ 
Jacket‏ 


Fig 17 Typical schematic arrangement of a 
Forced Recireulation boiler circulating pump 








These pumps are usually electric with one or both also equipped to be 
driven by a steam turbine in case of power failure. 

Circulating pumps are designed to handle as a rule five to ten 
times the maximum boiler feeding capacity. Consequently, they are 
larger and slower than feed pumps, and also more costly. The gross 
power consumption is of the order of 0,5 to 0.6 percent of the boiler 
output. This is not all a loss because forced circulation permits 
the use of such economical heating-surface arrangements that fewer 
baffles are required, and the power used by the pumps may often be 
offset by low power consumption of the induced-draft fans. Some 
energy is also returned to the water as heat because of the increase 
in pressure. 

The orifices used in forced circulation steam generators are in- 
stalled at circuit entrances and are of such size that they regulate 
the flow of water to each circuit according to its length, arrange- 
ment, and heat absorption. When small diameter orifices are used, 
it is necessary to provide strainers between the circulating pump 
discharge and the orifices, to prevent foreign matter from plugging 
the orifices at the entrance to the generating circuit. It is not 
necessary to have a different size orifice for each circuit. Practice 
has shown that two or three sizes will suffice for all circuits in a 
boiler. 

On the basis of circulation alone then, natural circulation 
problems center around the vagaries and uncertainties in flow and 


flow distribution through the system, with its consequent need for 
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large tubes to insure tube protection. In forced recirculation the 
flow is always positive and properly distributed. The problems 
center around the pump design and orifice and strainer details. 
Small tubes are characteristic of forced flow 

In the case of "once through" boilers circulation as such does 
not enter the picture, since it is only necessary for the feed pump 
to supply an amount of water sufficient to generate the required 
amount of steam out the other end of the boiler. In this case salt 


deposition and the control of the boiler are the big problems. 
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2. The Advantages of Small Tubes 

Large diameter tubes are characteristic of natural circulation 
boilers as explained in the previous section on circulation. In the 
same way small diameter tubes are typical of forced circulation. The 
smaller tubes have a number of decided advantages especially at high 
pressures. This is one of the inherent advantages of forced circu- 
lation. 

The large tubes operate at considerably higher metal temperatures 
than the small ones when the temperature of the saturated water is the 
same in both cases. This places the large tube at a disadvantage, 
since thermal stresses are important in boiler tube design. To il- 
lustrate this phenomenon, the mean metal temperatures and the tem- 
perature gradients for tubes of 1.15 inches and 4 inches outside dia- 
meters will be computed. (See Appendix '!D!) 

The heat transfer coefficient h; between the inside tube sur- 


face and the saturated water may be calculated from McAdams formula: 


. Do D.Ud 0.8 0 
4.4. = 0,023 (.2.-) ( spy) 
k Y k 





where D; denotes the inside diameter of the tube, k the termal con- 
ductivity, U the velocity, d the density, v the viscosity and cp 
the specific heat. 

The temperature drop from the inside tube wall to the saturated 
water flowing in the tube is & conduction process across the inside 


film and is given by Isaac Newton's formula 
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q = h; À (ts = ቴቲ) 


where q is the rate of heat flow, A is area at right angles to the 
flow, ts is inside tube wall temperature, and t is temperature of 
the saturated water, 

The temperature gradient across the tube wall is obtained from 


the conduction equation particularized for a curved tube: 


(Fo = ri) 
where km is the mean thermal conductivity, Am is the logarithmic 


mean area, t, and ro are outside temperature and radius respectively, 


0 
t, is same as above, and rj is the inside tube radius. 

As in the circulation calculations a constant rate of heat ab- 
sorption equal to 70,000 BTUs per square foot per hour and a tube 
height of sixty feet will be assumed. The pressures and correspond- 


ing saturated water temperature are indicated on the sample set of 


calculationse 
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١ - | Viscosity 


Conductivity‏ ہہ 
ርሻ. ይብስ Specific Heat‏ 


Note: This graph was compiled from data 
taken from Keenan and Keyes (1936), 
King (1936), amd Hawkins, Solberg, and 
‘Potter (1935). See bibliography 
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Calculation of Temperatures and Temperature Gradients 


at Entrance or Water End of a 1.15 inch O, D. Tube 


Pressure 1000 psi 


Saturation Temperature وبلبا5‎ 65 
From Graph 11 and Appendix "D" the following values are obtained: 


k = 0.338 BTU per hr. ft.° F 


Dj = 0.95 inch or 0.0793 feet 


U = 4044 ft. per sec. or 16000 ft. per hr. 


d 


46.3 lbs. per cue fte 


v = 0.235 lbs. per hr. ft. 


cp = 1.29 BTUs per 1b. F 
Now substitute the values in McAdams formula: 


0.8 Och 
ne E. x 0.02) x (BLS) x (op xv) 
2 


Och 
hs= 0338 ١ 0793 x 16000 x 46.3 .29 x 0.235 
۳ ለመል E 0.235 ۳ de 0.338 — ° 


= 1993 BTUs per hr. sq. ft. °F. 
With this value of the inside heat transfer coefficient the temperature 
drop from the inside tube surface to the flowing water is calculated 


and since the water temperature t = 544.6° is known, the inside tube 


temperature ts may be obtained. Let A= 1 sq. ft. 
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q = h;A (t, - t) 
- _Q_ 
ts 5.2 ft 
= (0000 0 
ta 1955 x1 * 51444 6 
te g 


To get the temperature gradient across the tube thickness, a 
value of k, must be known, This property is a function of tempera- 
ture and type of steel. Several types of steel are currently popular 
for tube manufacture, such as carbon steel, one half molybdenum - 
carbon steel, carbon - silicon steel, etc. These all have approximately 
the same thermal conductivities. Appendix "C" is a table of the values 
of k for a typical carbon (C = 0.5%) steel. Interpolation in this 
ire will give the desired value of k. The inner tube surface tem- 
perature, ts, being the only tube temperature known so far, will be 
used to determine an approximate kg. The method of successive ap- 
proximations may be used to refine this Kp, but since the difference 
is quite small it will be neglected here. From Graph 1 the tube 


thickness = 0.10 inch. 


Therefore r= 0.575 inch or 0.048 ft. 
ri= 0.475 inch or 0.0396 ft. 
For tj « 579.72; Km" 25.94 BTUs per hr ft °F 


let A, = 1 sq. ft. 
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መጀ" (to 0 55) 


q = 
9 - رد‎ 
ar, ኙ r.) 
Ë ft 
0 مس‎ 5 
70000(.048 - .0396) 
to = 25.9% x 1 3 579.7 
° 
to = 602.2 F 


The arithmetic mean temperature in the tube wall at the lower end 


15: 


ርተ 
[ 


= tofts = £602.29 4 579.70 
m — هه‎ 


2 


ct 
u 


687.7 


The temperature gradient across the tube wall is the difference of 


to and ty 
Temp. Grad. = 602.2° - 59.7 = 22.5% 


As the pressure and corresponding saturated temperature of water 
increase the effect on the metal temperature and gradient becomes more 
pronounced. Table 2 below summarizes the data for the 1000 psi calcu- 
lation just completed and also 1500 psi and 2000 psi. See Appendix 


"Dr" for equilibrium data. 
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TABLE 2 


Pressure, psi 1000 1500 2000 











Diameter, O.D. inches 115 4.0 115 4.0 1615 ٥ 

Diameter, I.D. inches 0.95 3.48 0.89 3.34 0.85 318 

ከ, ,8፻05 per hr sq ft F 1993 2055 2130 2225 2060 1896 

Inside Tube Temp(ts), F 579.7 578.7 629.2 627.7 669.8 672.8 

Outside Tube Temp(t,), F 602.2 638.1 659 705 705.2 86 

Mean Tube Temp. (tm), F 591.1 608%  6lbhel 666.3 687.5 7721.3 
0 


Temp. Grade F 22.5 59.4 29.8 Tike 3 35 97.0 
Saturation Temp. F 27197 M |. M. ጩህ 








The above table shows how the larger tubes have a higher mean tempera- 
ture which becomes increasingly higher at a slow rate as the pressure in- 
creases. The difference in temperature gradient across the tube metal is 
very pronounced, the gradient being nearly three times as great for the 
large tube. The ratio is slightly less for the 1500 psi case. This is 
attributed to the fact that in plotting Graph 11, data was available for 
points at 1000 psi and 2000 psi whereas the properties at 1500 psi were 
taken from the curves as drawn through all the points. 

The temperature of the metal at the exit of the tubes cannot be as- 
certained with any degree of certainty. Instead of a low viscosity 
liquid there is now a mixture of dry steam and water. No data are avail- 
able regarding the heat transfer to wet steam. It can hardly be less 
than dry steam, and in all probability is more, due to the presence of 


water particles in the steam. 
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Professor Einstein has developed an equation for the viscosity 


of hard spheres in a liquid 


v=v.(lf 2.59) 
» is viscosity of the solvent 


g is total volume of spheres in l cu. ft. 


An attempt was made to utilize this formula to get the viscosity of wet 
steam by altering the 2.5, but any such constant would need to be a 
variable. The conductivity and specific heat were then estimated by 
taking volume and weight percentages respectively of the steam and 
water. These values were then substituted into McAdams formula, but 
the results were disappointing. Such use of Einstein's equation does 
not account for such variables as the large density difference between 
liquids as a solvent and dry steam as a solvent plus the added com- 
pressibility of the dry steam. There are other unknowns such as the 
applicability of McAdams formula to mixtures. The computation of the 
conductivity was a guess, no real basis exists for ie method attempted 
except that volume percentages were used since conductivity is a func- 
tion of a linear dimension. Investigation of any of these properties 
would be an excellent laboratory research project and is so recommended 
for thesis work in the future. 

In order to get an idea of tube metal temperatures and gradients 
at the exit of these tubes, dry steam values of viscosity, conductivity, 
and specific heat will be used, even though these are all probably on 
the low side. Other data is as previously calculated for tbe exit con- 


ditions of the 1.15 inch and 4.0 inch tubes. See Appendix "D", 
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TABLE 3 
Pressure, psi 1000 1500 2000 








Diameter, O.D., inches r5 ۰0 105 4.0 1.15 4.0 
Diameter, I.D., inches 0.95 3.48 0.89 3.34 0.85 3.18 
h,, BTUs per hr sq ft°F 1138 1156 1310 1451 1775 31 
Inside Tube Temp(ts),°F 606.1 605.2 649.7  6hh.5 675.3 675.8 
Outside Tube Temp(t,), F 628.9 665.3 679.8 722.3 710.8 773 
Mean Tube Temp. (tm), °F 617.5 65.2 6647 683.4 693 12 با‎ 
Temp. Grad., °F 22.8 6061 3605 Tee — 3545 97.2 
Saturation Temp., F مېلا5‎ 6۴  ة5ابلبم6‎ 596.2 596.2 635.8 635.8 


It should be noted that while the temperature gradient scarcely varies 
along the tube, the mean temperature rises at a decreasing rate. Table 4 


is the arithmetic mean average of Tables 2 and 3. 


TABLE 


Pressure, psi 1000 1500 2000 





Diameter, O. De inches 1.36 4.0 1.15 l O 1.15 دام‎ 
Mean Tube Temp(tg), ^F 604.3 621.8 65h. 67409 690.3 9 
Temp. Grad. و‎ F 22.7 59.8 30.0 77.6 35 5 97.1 


In the above calculations a constant rate of heat absorption of 
70,000 BTUs per square foot per hour was used. An increase in this rate 
will result in a corresponding increase in temperature gradient, mean 


tube temperature, and outside tube temperature. Table 5 is a comparison 
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of these factors at 2000 psi for heat absorption rates of 70,000, 100,000, 
and 140,000 BTUs per square foot per hour. These are all taken at the 


entrance or water end of the riser. 


TABLE 5 » 
(2000 psi, 635.8°F) 


Heat Absorption Rate 
BTUs per sq. ft. per hour 


m-——— وس‎ — መ ብ 


70,000 100,000 140,000 





Diameter, O.D. inches 1.15 4.0 رد ولا‎ 4.0 1.15 4.0 


hi, BTUs per hresqefte F 2060 1896 1952 2162 1645 2762 


Inside Tube Temp., F 669.8 672.8 688 682 720.9 686.5 
Outside Tube Temp., °F 705.2 76۷8 739 821.3 793.3 881.8 
Mean Tube Temps, F 687.5 721.3 Tihe5 751.6 757.1 1 
Temps Grad., F 3 Ro 51 8909 ges تن‎ 








At low heat rates of 50,000 - 70,000 BTUs per square foot per hour 
the large tubes will not exceed the A.S.M.E. mean temperature limits even 
though these are considerably in excess of the small tube mean tempera- 
tures. A lengthy series of experiments indicated heat transfer rates in 
front-row boiler tubes reached 143,000 BTUs per square foot per hour or 
higher. Table 5 shows that for such a heat rate, if at high pressure, 
the large 4.0 inch tube would be unsuitable because of excessive tube 
metal temperature. At this pressure even a heat rate of 100,000 BTUs 
per square foot per hour would be questionable for such a tube, since 
the outside metal temperature would be over 820۳, The smaller tube 
would be quite satisfactory at this heat rate, and could be made to work 


at 140,000 BTUs per square foot per hour if the pressure is dropped 


slightly. 
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The tube thicknesses as used by the A.S.M.E,. Power Boiler Code are 
based on the working pressure stress only with a 750 Fe mean maximum 
metal temperature (See Graph 1). Except possibly at very low pressures, 
the wall thicknesses of boiler tubes are always greater than one-tenth 
the radius. The thick wall theory of stresses is, therefore, applied. 
Appendix "E" gives & development of this theory from which it is deter- 
mined that the maximum tensile stress occurs at the inside tube sur- 


face and is equal to:- 
Ca = -Pi (a? $ b^) 
Ó ax. a” - b 


At 1000 psi for the case of the 1.15 0.D. inch tube a = 0.475 


inch and b = 0.575 inch 





ፐር - 1000 (0.75% L 02575) - 1000 (.5561) 
MAR. 0.475” - 0.575 = 1 


- 556.1 
የ9484. 2 “1051 = 5300 psi 


For the several pressures previously used the maximum tensile 
stresses are tabulated in the table below for the 1.15 and 4.0 inch 


tubes, 
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TABLE 6 
Maximum Tensile Stresses Due to Pressure Only 





Saturation Pressure, psi 1000 1500 2000 








Diameter, OD. inches 1.15 ٹر‎ 1.15 4.0 1.15 4.0 
Outside Radius, b, inches سل‎ 5 230 0 575 2.0 O 575 2.0 


Inside Radius, a, inches 0.475 1.76 0Ochk5 1667 0.425 9 
Maxe Tensile Stress, psi 5300 7250 5960 8260 6830 8890 








In addition to the stress due to the pressure of the water and steam, 
there is also a thermal stress which is a function of the temperature 
gradient. A formula has been developed which gives the maximum thermal 
stress in a thick walled cylinder. This stress is also a maximum in a 


boiler tube at the inside surface. 


0 = E (ts -to) 2b b 
3 = a. oe 
ہے‎ er 1> au .^ u? 


max a 


where for steel 
2 É 
E = 30 x 10 psi 
X = 70 x 1077 


ሃ = 0,3 


Using the conditions of the 1.15 0.D. inch tube at 1000 psi saturation 


pressure this becomes:- 
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4 3540 psi 


Table 7 is a tabulation of these thermal stresses for the previously 


used saturated pressure conditions of the 1.15 and 4.0 inch tubes. 


TABLE 7 
Maximum Tensile Stress Due to Temperature Alone 





Saturation Pressure,psi 1000 1500 2000 








Diameter, O,.D. inches 1435 l O 28905 کل( 0ب‎ 4.0 
Outside Radius, b, inches 0.575 2.0 06575 0 0.575 2.0 
Inside Radius, a, inches 0.475 1.76 0.445 1.67 0.425 1.59 
Max Thermal Stress, ,psi 3540 11440 4840 13250 5960 16470 











From this table when compared with Table 6 it can be seen that the 
thermal stresses in large tubes are larger than the pressure stresses. 
They are also much larger, approximately 3:1, than the thermal stresses 
in the small tubes. The total stress is the sum of the pressure and 


thermal stresses which is given in Table 8, 











TABLE 6 
Saturation Pressure,psi 1000 1500 2000 
Diameter, O.D. inches 45:35 وول 0ا‎ lh O Lots ۹۵ 
Total Stress, psi 8,840 18,690 10,800 21,660 12,790 25,360 
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TABLE 9 
(2000 psi, 635.8°) 





Heat Absorption Rate 








BTUs per sq ft. per hour (97080 100,000 140,000 
Diameter, O.D. inches نامہا ناو ظط‎ ገ ን he0 Lels ردام‎ 
Thermal Stress, psi 5,960 16,450 8,600 23,600 12,200 33,100 
Total Stress, psi 12,790 25,360 15,430 32,490 19,030 41,990 








The factor of safety in a boiler tube selected according to A.S.M.E. 
Code is based on pressure stress alone. From Table 8 it is observed that 
the total stress increases markedly with increase in pressure. Increas- 
ing the rate of heat transfer causes an even more sharp rise in total 
stress. As this total actual stress increases the factor of safety de- 
creases, so that the actual factor of safety may be very low with large 
thick wall tubes operating at high heat transfer rates and high pressures. 

The yield point and ultimate limit of the steels currently in use 
for boiler tubes varies considerably. As a rule the yield point varies 
from 35,000 to 45,000 psi and the ultimate limit from 55,000 to 65,000 
psi. From Table 8 it is seen that the total stresses are in all cases 
below the yield point. At 2000 psi, however, the factor of safety defined 
is less than 2 for the large tube whereas it 


as nE yp ( working 


is about 3 for the small tube. As the heat rate is increased as in Table 
9 the factor of safety has dropped to unity in the 140,000 BTUs per square 
foot per hour case for the 4.0 tube, while the 1.15 inch tube has a factor 
of about 2. This heat rate is not uncommon nowadays and higher ones are 


being recorded in certain circuits of modern boilers.  Pressures above 
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2000 psi are appearing more frequently in the newer boilers. Unless 
the heat absorption rate is kept down the total stress on large tubes 
may exceed the yield point and approach the ultimate limit, even with 
adequate circulation. This is a serious limitation in natural circu- 
lation designe The small diameter thin-wall tubes used in forced cir- 
culation provide a high safety factor because of lower outside and 
mean tube wall temperatures and much lower temperature gradients. This 
factor of safety exists even at very high heat absorption rates. 

In the case of the recently installed unit of the Etiwanda Station 
of Southern California Edison Company which is designed for 2100 psi, 
the 1-1/4 inch, 1-1/2 inch and 1-5/8 inch 0.D. boiler tubes of the 
controlled circulation unit are suitable for an operating pressure of 
2,232 psi, compared with 2,010 psi for 3 inch O.D., tubes normally fur- 
nished with 1800 psi natural circulation boilers. 

It is of interest to compare the weight of tube metal and of water 
as between a 1.0 inch O.D. and a 4.0 inch 0.D. boiler tube. The weight 
of steel is about 490 pounds per cubic foot. Let the tube length be 
60 feet. 

For the one inch Tube at 1000 psi sat. 
o ~ Pi 


Weight = ጭ (D “ ^) x 60 x 490 


Weight = 63.3 pounds 


For the four inch Tube at 1000 psi sat. 


Weight = 620 pounds 
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A furnace wall made up of one inch tubes would contain four times as 
many tubes as a four inch wall. However, four one-inch tubes weigh 
only با‎ x 63.3 = 253.2 pounds as compared to the 620 pounds of the 
one four inch tube. This means a saving in weight of tubes alone of 
60%. Because of this great weight reduction and elimination of mud 
drums, etc., the pressure parts of a 900,000 pound per hour, 1800 psi 
reheat forced circulation boiler weigh approximately 350,000 pounds 
(175 tons) less than a comparable natural circulation unit. This 
lower weight results in a substantial savings in cost of alloy and 
structural steel both of which are on the critical material list at 
the present time. The percentage saving in weight remains nearly the 
same as pressures and tube thicknesses vary. 

The internal area of a one inch 0.D. tube is only about 5.5% of 


that of a four inch O.D. tube. 


For the one inch tube at 1000 psi 


2 
Area (internal) = TE y = .785 x (0.82) 2 .528 sq. in. 


For the four inch tube at 1000 psi 


Area (internal) = .785 x (3.48) = 9.51 sq. in. 
The four one inch O.D. tubes present the same projected area exposed to 
the furnace heat as the one four inch tube, so the steam generated is 
the same in both cases. If the circulation ratio is the same then the 
four small tubes must receive the same amount of water as the single 
large tube. The internal area of four small tubes is only 4 x 5.5% = 


225 that of the large tube. The velocities, therefore, at any point 


ማ 


in the small tubes would be greater than in the large by a factor of 
100/22 = 4.55. Since such a high velocity is rarely ever needed the 
circulation ratio and amount of water to be circulated can be sub- 
stantially reduced in small tubes. This lower circulation ratio will, 
however, cause the steam and water mixture velocity to increase more 
rapidly toward the exit. 

The weight of water in the four small tubes is only 22% that of 
the large tube. This means there is less water to be heated when 
starting the boiler. This factor causes an appreciable saving in fuel 
and time when starting up a forced circulation unit. 

The small tubes can be more easily handled and bent to fit around 
burners, soot blowers, etc. They can be more quickly and easily butt- 
welded because the amount of deposited metal for four one inch tubes 
is only one-third as great as for the four inch tube. The smaller 
tubes are much more readily fitted into place. 

It is easier to clean and remove slag from a furnace wall of small 
tubes because they present a more nearly plane surface. This factor 
also tends to simplify the wall backing and insulation problems on the 
casing side. 

Small-diameter tubes have one disadvantage in that they impart 
very little structural strength to a wall. This necessitates closer 


spacing of the structural or girth members. 
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3. Miscellaneous Comparisons 


In addition to circulation differences and differences in tube 
sizes, there are a number of other basic comparisons which should be 
made between natural and forced circulation boilers. 

The supports for the superheater, economizer, and reheater in a 
natural circulation boiler are exposed to very high temperatures. They 
are usually made of expensive, critical alloys such as 25 chrome - 12 
nickel steel. Under these high temperature conditions, fuel oils hav- 
ing metallic salts, such as vanadium, cause serious deterioration of 
these supports and spacers. One solution to this problem is to water- 
cool the supports. In a natural circulation boiler this requires an 
outside source of water, with consequent loss of heat and thermal ef- 
w Controlled recirculation makes it possible to provide water- 
cooled supports as part of the steam generating system since the posi- 
tive flow of forced circulation permits almost any convenient arrange- 
ment of tubes and circuits. 

Another interesting point of comparison is with respect to physical 
sizes With many boilers now being installed out of doors the smaller 
volume of the forced circulation unit effects no appreciable saving in 
building volume in these circumstances. Where boilers are installed 
indoors, forced circulation with its flexibility of tube arrangement 
and smaller overall volume permit installation in buildings designed 
previously for older, low capacity units, or in other words, much greater 
steam output can be realized from a given building space by use of high 


pressure forced circulation as compared to natural circulation designs. 
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To illustrate some comparative figures on the physical size of two 
typical 1,000,000 pounds per hour capacity, 2000 psi, reheat boilers, 
one natural and the other forced circulation, are given. lhe forced 
circulation boiler occupies a greater floor space, 100 ft. x 60 ft. as 
compared to 80 ft. x 60 ft., but of much greater importance is the 

fact that natural circulation requires 30% greater vertical space, 

102 feet as compared to 72 feet for forced circulation. Where the 
boiler must be enclosed this additional thirty feet in the vertical 
direction creates quite a drastic increase in cost of building materials 
and in construction costs. The installation at the Somerset, Massa- 
chusetts plant of the Montaup Electric Company is typical of this 
situation. The severe winter conditions in this area made housing for 
the boiler mandatory. The installation called for the utilization of 
existing space designed years before for a 200,000 pounds per hour 
boiler of radically different designe Remodeling the building was con- 
sidered too expensive and not enough head roam was available to insure 
satisfactory operation of a natural circulation boiler of the capacity, 
650,000 pounds per hour desired. As a result the first large forced 
recirculation boiler in this country was installed. After a few minor 
initial adjustments, this boiler has given very satisfactory service 
for the past ten years. 

The lower water-steam ratio allows all risers to enter the drum 
generally in two rows, which permits welded nozzles and reduced drum 
thickness with consequent saving in drum weight. This coupled with the 
elimination of one or more drums gives a substantial savings in metal 


needed in the boiler. This weight reduction along with the reduction 
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in tube weight, results in a weight savings of nearly one-half in the 
pressure parts over a natural circulation unit of like capacity. All 
pressure joints are welded and the absence of rolled joints avoids the 
danger of acid or caustic attack at these locations. The elimination 
of handhole caps and gaskets is an additional advantage. "Once through" 
boilers, with no drums whatsoever, show an even greater weight saving. 

A further reduction in weight results from the smaller operating 
water content ~ about one-third or less that of conventional boilers. 

The reduction in weight of pressure parts and water content 
coupled with the lower height requirements, result in a substantial 
savings in the cost of structural steel and foundations. 

Feed water requirements differ markedly among the various types 
of forced circulation boilers. In the case of the LaMont type the re- 
quirements are about the same as for natural circulation. There is 
less tendency to scale formation, however, because of the positive cir- 
culation provided. In the Loeffler boiler there is no scale formation 
in any of the tubing so that water purity is of very minor importance. 
The other recirculation types lie between these two in their feedwater 
requirements, but in general more like the LaMont type. The "Once 
Through" type boilers on the other hand must have the purest possible 
type of feedwater to keep down the tube deposits. These requirements 
are much more stringent than in natural circulation. 

One notable advantage accruing from the use of forced circulation 
is the facility with which clean dry steam can be obtained. In the La 
Mont type the circulating ratio is low, so that the percentage of steam 


to water entering the drum separators is much higher. Reduction of the 
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water loading in steam separators reduces the solids carryover with 
accompanying higher efficiency and capability of the turbine unit. 
The use of steam as a carrying agent in the Loeffler boiler gives 
steam of about the same dryness as in natural circulation. The Velox 
and Steamotive units achieve their steam dryness by virtue of their 
highly efficient tangential steam separators. As previously noted in 
the Schmidt-Hartmann boiler, because of the quiet nature of the evapora- 
tion, the moisture content of the steam does not exceed 0.01 percent. 
In the case of "once through" types the long tubes with evaporation 
early in the circuit result in steam dryness similar to the other 
forced circulation types. Where water injection is used for control 
as described in Chapter II - Sulzer the steam dryness becomes more 
nearly like natural circulation. In all cases of forced circulation, | 
priming is either completely eliminated or reduced to only a possibility. 
Another point of comparison is in the matter of starting up the 
boiler. The starting of a natural circulation unit is a rather slow 
process since it is necessary to heat up a large amount of water to a 
fairly high temperature before the natural circulation process will 
start. The boiler elements heat progressively which means additional 
time in order not to overstress some local section of the boiler. In 
the forced recirculation type boilers the positive circulation assures 
a rapid and uniform heating of the entire boiler in a short period of 
time. The LaMont and Schmidt-Hartmann boilers which have the highest 
water content of any of the forced circulation units can be m fel 
brought on to the steam range, even in the largest sizes and highest 


pressures, in a matter of two and one-half hours. In the case of the 
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other types of boilers this time is even less - as examples; a Loeffler 
boiler of 139,221 pounds per hour capacity at 18640 psi and 925^F took 
one hour fifty-six minutes from cold until cut onto the line, a Ramzin 
boiler of 440,000 pounds per hour capacity at 2,840 psi and 932 F had a 
starting time of two hours originally, but this was later decreased to 
twenty-eight minutes, the Steamotive requires about ten minutes, and 
the Velox type has a starting time of only three to eight minutes de- 
pending on the sizes This means a saving in fuel consumption over 
natural circulation especially as compared to the Velox or Steamotive 
types. The speed of starting make these forced circulation boilers 
more flexible and better suited for intermittent operations. Further- 
more in the case of the recirculation type boilers, when the unit is 
banked one of the circulating pumps may be operated at low speed to 
maintain equal temperatures throughout. As in starting, less time is 
required when shutting down, and since there is less water in the unit, 
time is saved in draining. The "once through" types, of course, will 
not normally require any draining. 

In case of tube rupture immediate shutdown is not necessary nor 
likely in forced circulation. This is a far more serious matter in 
natural circulation where a tube rupture requires immediate shutdown 
of the whole boiler. In the case of one large high pressure controlled 
circulation boiler installed at the Koppers synthetic rubber plant in 
Kobuta, Pennsylvania, it was found possible to operate for over three 
hours with water issuing from a ruptured tube. Since synthetic rubber 
is essentially a continuous process, the continued operation of this 


boiler prevented heavy loss in time and raw material which would have 
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otherwise occurred if this had been a natural circulation boiler. When 
shutting down due to a casualty, such as above, not only can the boiler 


be cooled down in less than half the time required for a natura: 


culation boiler, but the repair of a small tube requir 
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he Example Comparison of Forced and Natural Circulation Boilers 


The only sizable forced circulation boiler installed in the United 
States during the 1940s for industrial plant processes was the installa- 
tion at the Koppers Company Butadiene-Styrene Chemical Plant, at Kobuta, 
Pennsylvania. It will be recalled that the first installation at the 
Montaup Electric Company was for power purposes. These two constitute 
the only boilers using this principle to be placed in operation in this 
country until the present time. 

The steam generating facilities at Kobuta, consisting of three 
natural - circulation and one forced-circulation boilers were built at 
a time when the demand for steel was at its peak. 'By government direc- 
tion one of the four units was required to be forced circulation to 
economize on critical material. Ihe plant began operation with one 
natural circulation unit in June 1943. The forced circulation unit, 

a Combustion Engineering Lamont type boiler, was placed in service in 
August of that same year. This entire plant was built in a minimum 
period of time and war regulations prohibited any but the most urgent 
alterations and refinements. 

All four boilers were designed for 350,000 pounds per hour capacity 
at superheater outlet pressure of 725 psi and 750 Fe A smaller boiler 
was later added. The boiler house was designed to house the natural cir- 
culation units and was some one hundred thirty feet high. As a result 
no attempt was made to cut down the size of the forced circulation unit 
and take advantage of one of its inherent advantages. The steam from 
the boilers goes to a 3500-KW turbo-generator which exhausts at 165 psi 


for chemical-plant process requirements. Total plant electrical load 
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is 14000 kw, the excess power feeding into the local utility. In 
contrast to central-power-station conditions where makeup water rarely 
exceeds 2 percent, and where even this is supplied by evaporation, 
boiler make-up at Kobuta has been as high as 60 or 70 percent because of 
the large process steam requirements. 

Table 10 is a comparison of many of the characteristics of these 


two types of boilers: 


TABLE 10 BOILER CHARACTERISTICS 


Forced Circ. Natural circ. 

Furnace volume, cu. ft. 25 , 400 29 ,900 
Boiler ግ surface, sqe fte 4,510 20,610 
Waterwall surface, sq. ft. 8,470 6,367 
Superheater surface, sq. ft. 45430 4,030 
Total steam generating 

surface, sq. ft. 17,120 31,007 
Economizer, sg. ft. 9,830 - 
Air preheater surface, sq« ft. 38,900 38,600 
Operating water volume, lb. 36,643 150,680 
Steam drum 54" diam. x 28!-9à" long 60" diam x 30? long 
Mud drum ፦ 42" diam x 29! long 
Upper wall tubes li"0.D. x 0.120" wall thickness - 
Lower wall tubes 13"0.D. x 0.150" wall thickness - 
Front wall tubes 3250.2. 3 0.203" wall thickness 
Rear and sidewall tubes 2À"0.D. x 0.170" wall thickness 
Roof tubes 4 "O.D. x 0.213" wall thickness 
Generating tubes 25"0.D. x 0.148" wall thickness 
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During the latter part of 1943, all of 1944, and most of 1945, the 
plant was required to produce 1,300,000 pounds of steam per hour, with 
an installed capacity of 1,400,000 pounds per hour. This meant that 
outages had to be kept to an absolute minimum. During this entire period 
the forced circulation boiler was taken off the line every sixty days 
for inspection and test as compared with once every six months for the 
natural circulation units. This more frequent outage of the forced cir- 
culation boiler was necessitated by the water conditions and the fact 
that it was a new development. The Ohio River water is subject to wide 
variations in hardness and solids and during this two year peak load 
period the proper water treatment to prevent undue scaling was not dis- 
covered. The natural circulation boilers with four and one-quarter times 
as much water could more easily handle the solid concentration although 
two tube failures were attributed to this causes The percent availability 
of the forced circulation unit during this War period was 95.08 percent 
as compared with 98.36 for the natural circulation units. Following the 
War this plant operated at a reduced capacity for several years, during 
which time the feed water problem was licked. Once again this plant is 
operating at high load and it is understood that the forced circulation 
boiler is operating at an even higher availability than the other units 
because it can be cooled down, acid cleaned, and put back on the line 

in two days as compared with three days minimum for the natural circu- 
lation units. The cost of cleaning is much less since only one quarter 
as much acid, water, and neutralizer is needed, to say nothing of the 


saving in time and labor of filling or draining. 
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Contrary to many predictions, the circulating pump has never been 
the cause of circulation failure in operations to date. This tends to 
bear out foreign claims and also experience with the Montaup boiler. 

The forced circulation boiler has proved to be much more stable 
than the natural circulation from the standpoint of drum water level 
under varying loads. This is due to the constant rate of pumping, the 
circulation ratio being 5% to 1. In natural circulation a sudden in- 
crease in load causing a slight decrease in drum pressure causes an 
increase in volume of the steam bubbles which in turn causes a rise 
in water level in the drum. When not properly controlled this can 
result in carryover. 

During the wartime operation the forced circulation boiler tended 
to slag up more quickly. Recent operation indicates little or no dif- 
ference. This is attributed to the poor grade fuels available during 
the wartime operation and to the physical design of the waterwalls in 
which the designers Jeft too small a space between tubes. 

The efficiency of both the natural and forced circulation units is 
often give as 85 percent. When so calculated the work of the circulat- 
ing pump in the forced circulation unit is taken as a total loss. This 
is not correct inasmuch as the largest part of this energy is returned 
to the water in the pump as heat. When properly calculated, then, the 
efficiency of this forced circulation boiler is a little higher than 
the others. 

The natural circulation units are not equipped with economizers, 
but the forced circulation unit has one. This is logical since it 


helped improve the operation of this boiler and the increase in size 
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still did not exceed the space available determined by the natural cir- 
culation units. 

The natural circulation boilers failed to produce steam at the pre- 
dicted temperature. The temperature of the forced circulation unit has 
been kept down to prevent different steam temperatures in the turbine 
leads, 

The biggest advantage of the forced circulation boiler in this in- 
stallation, where constancy of steam supply is essential, is its pre- 
viously mentioned ability to continue operation for a time after tube 
failure. 

This particular forced circulation boiler has proved successful, 
all the difficulties of the wartime operation being subsequently 
corrected. Some features, however, suffer because of the restrictions 
and regulations imposed on all wartime construction. The design was 
a rush job and it is quite remarkable that it worked so well, especially 
at the high continuous loads prevalent during the first two years of 


operation. 
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IV. MARINE ADAPTATIONS OF FORCED CIRCULATION 


lo. General 

Weight and space considerations are of far greater importance in 
marine boiler design than ashore. Ruggedness, ability to withstand 
sudden changes of load, and ease of starting are other prominent de- 
sirable features. Forced circulation would seem to lend itself quite 
readily to these conditions. Prior to World War II nearly all of the 
foreign merchant marines and navies were utilizing one type or another 
to a limited extent. In general the operation of these boilers was 
successful. During this period the most ardent advocate of forced cir- 
culation was the German Navy. Early problems in control were pretty 
well overcome, but tube failures were quite common in all their boilers, 
both forced and natural circulation. The War put an end to the develop- 
ment and it has only recently been taken up again to any degree. 

In this country the U. S. Navy commenced experiments with forced 
circulation soon after World War II. Results of these experiments are 
mostly classified, but released information indicate gratifying results. 

The obvious advantages of forced circulation for marine use, 
especially recirculation which does not rely on sensitive automatic con- 
trols, makes it only a matter of time until the few difficulties remain- 


ing are removed and its use becomes general. 


2. S.5. 019 

Messrse Blohm and Voss of Hamburg, Germany, built the first Benson 
boiler to be used on shipboard in 1929. It was installed a year later 
on the Hamburg-American Line ship "UCKERMARK", As originally built it 


was designed for 3200 psi operation according to the old design in which 
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the transformation zone lay flame-exposed. There were eleven radiant 
boiler coil tubes. On the maiden voyage to Canada several tube failures 
occurred. As a result the transformation zone was moved from the radiant 
to the convection part of the boiler. The operation during the next six 
years was highly successful. 

In the meantime Benson boilers had been reduced in pressure with a 
resulting improvement in maintenance and operation. As a result this 
ship was reboilered in 1937 with two new Benson boilers of 710 psi and 
788°F instead of the one critical pressure Benson boiler and three 
"Scotch" boilers. 

Other marine Benson boiler orders were placed in 1938 for two 
boilers each for the liners "PRETORIA" and "WINDHUK", These were of 
62,700 pounds per hour capacity operating at 1136 psi and 842 F. A 


number of these same type were later built for the German Navy. 


3. Se S. "POTSDAM" 

This liner was built for the North German Lloyd Company for their 
"Far East!" service and entered service in July 1935. It was a twenty- 
one knot ship, six hundred fifty feet long and of 18,500 tons gross. 

The boiler plant consisted of four Benson boilers, each with a 
total heating surface of 590 square meters or 6,300 square feet. These 
boilers furnished steam for high pressure turbines which in turn pro- 
vided power for the electric drives. Much of the data upon which the 
design of this plant was based came from four years of experience with 


the Benson boiler on the SS "UCKERMARK", 
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On the "POTSDAM" each boiler contained twelve tubes in the 
radiation part of the boiler and twenty-two parallel tubes in other 
parts. Fifty three thousand pounds of steam per hour was generated 
at a normal pressure of 1200 psi and 88027, 

During trials, all the various maneuvers were carried out without 
any difficulty being experienced, the controls proving to be completely 
reliable. In operation the small evaporation surface prevented the 
water from foaming in case of suddenly increased output. The heat stor- 
age in the tubes, on the other hand, proved ample to meet large sudden 
demands for steam. The superheat temperature was much more constant ' 
under load changes than with conventional boilers. Salt deposition 
was no problem. The cleaning was normally done in port, at intervals 
of twelve to fourteen days. High inflows of salt were purposely tried 
during tests and it was found to cause no disturbance, provided they 
only lasted a short time. Any undue accumulation on the tubes could be 
easily washed off while at sea if found necessary. 

Simple evaporation of sea water alone was not sufficient in this 
plant. As a result double evaporation was necessary which necessitated 
a sizable increase in the evaporation plant. Because of the high tem- 
perature and pressure, a closed circulation system was used to minimize 
the effect of free oxygen. The condensate was heated to boiling outside 
the condenser to eliminate free oxygen which was then treated chemically 
to prevent it from corroding the boiler tubes. 

On the maiden voyage some tubes burst due to leakage into the con- 
denser which could happen to any high pressure boiler. During the next 
few years these boilers were relatively free from tube failures and no 


trouble was ever experienced with the automatic controls. 
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(g) air preheater. 


(f) superheater, 


adiant heating surface, 


(e) salt deposit zone, 


superheated steam outlet, 


eedwater inlet, 


(d) contact heating surface, 


er “Potsdam,”” 53,000 lb of steam per hour at 1200 lb 
; pressure and 880 F. 
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he SeS. "KUROSHIA-MARU" 

Early in the 1930s the Japanese Kawasaki Shipyard in Kobe, purchased 
two German LaMont Steam Generators for shipboard use. These were highly 
successful and forced recirculaticn became relatively common in the 
Japanese Merchant Fleet and Navy. 

Shortly before World War II the "Kuroshia-Maru", a large oil tanker, 
was built by the Kawasaki Yard. It was equipped with three Kawasaki 
IaMont marine, water tube, steam generators which were similar to the 
earlier German boilers} but with Japanese modifications and innovations. 
Bach had a normal output of 37,500 pounds per hour and a maximum of 
48,500 pounds per hour with a pressure of 315 psi at 662 F. The heating 
surface, minus the air preheater, was 3,529 square feet. The efficiency 
of one of these boilers reached 87.29 per cent on test ashore before in- 
stallation. 

The interesting feature in Japanese marine boiler operation concerns 
water contamination. One of the early German type forced circulation 
boilers, essentially similar to those above, was subjected to a series 
of tests in which the water contamination was deliberately increased to 
as much as 1165.5 grains per gallon. The boiler was then operated at 
overload capacity. No measurable carry-over resulted, though the test- 
ing equipment used could detect any amount above 0.58 grains per gallon. 

From this series of tests the Japanese concluded that the steam 
marine plant could operate with ten times greater water contamination 
than is found in usual service, and in the case of small water tube 
boilers it is closer to 25 - 30 times. As a result from the middle 
19305 on Japanese Naval and merchant ships were equipped with types of 
boilers in which the permissible salt content was much higher than our 


standards permitted. 
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As a comparison the U. S. Navy recommends maximum salinities as 
follows:  Fire-tube boilers, 100 grains per gallon; water-tube boilers 
(two inch tubes), 50 grains per gallon; water tube boilers (less than 


two inch tubes), 30 grains per gallon. 


5. S.S. "KERTOSONO" 

This cargo ship belonging to the Rotterdam Lloyd Line was the 
first vessel to utilize the Sulzer marine monotube steam generator. 

The ship itself was built in 1922 by De Schelde at Flushing, Holland 
and was of 16,500 tons gross with a length of 445 feet. 

Early in 1935 it was decided to convert this ship to high pressure 
operation. An increase in speed was desired. Since this ship main- 
tained a tight schedule, speed in conversion was essential. The Sulzer 
boiler was decided upon and the rest of 1935 was taken up with building 
and testing this unit. 

On February 16, 1936, the "Kertosono" entered the De Schelde yards 
for conversion. It was found sufficient to remove only one of the five 
six-ton capacity "Scotch" boilers ince the space thus left free was 
nearly three times as much as was needed for the Sulzer unit. This oil- 
fired boiler generated twenty-one tons of steam per hour - three and 
one-half times the capacity in one-third the spacel 

The new installation was designed to operate at 850 psi and que. 
The total output was raised from 1,500 to 5800 SHP and the speed increased 
from 13 to 15 knots. The plant was arranged so that it was possible in 
an emergency to work directly with the low pressure steam from the re- 


maining four boilers. This included the new primary turbine installed 


115 





OA ito" 4*4 a4 1l DL OR. NM OMNI پ4 ود‎ 


መ 
اط نودو‎ m ورہن‎ ie im ١ت‎ - ‚aid PIT : ዝዘቦኡ...!.። ን 
" 


J mlr ad wis دول مو وماع‎ O aro 


«ell سه‎ ames A (mrî dont met 


——- ننهډنک-و سه > 





. 2 
7 E 
4 ۱ A =- 
دا‎ * > 
የ ሌግ ጠ P 
ውወ LI d» ቃ 
0 P E 
-— , 
د باب‎ E - “<a 
| : 
0 "UT بن‎ E 
| 7 
LI E ووا‎ ۷ 5 as 
T ü 5 
P . € | 
ry LJ LI 
۲ 0 = یي‎ ብክ 
= p LS 
ግ 1 ሽ P 
5 "4 5 mm «- ፅ 
ም € ” - በ. m Y - 5 


simultaneously with the monotube boiler. On the existing turbines 
only minor changes to the blading was found necessary. Among the 
automatic controls installed for the operation of this boiler was 
a regulating gear which permitted the regulation of the monotube 
boiler and also the turbine by means of a single hand wheel. (On 
subsequent trials this greatly facilitated maneuvering. "Full 
speed ahead" to "full speed astern" was effected in fifteen = 
twenty seconds. 

The guarantees given for the steam generator were easily ful- 
filled, and efficiencies up to 94 percent were measured. Between 
half and full load and including the auxiliaries, an efficiency 
of over 90 percent was obtained. 

The entire conversion was completed by March 6, 1936, just 
under three weeks. In later operation this plant proved success- 


ful and reliable. 
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6. S49. "ATHOS ፲፲" 

The Velox boiler is well suited to naval use because in addition 
to its light weight and small space requirements, it has an almost in- 
stantaneous response to sudden load fluctuations and a very rapid 
starting. Tests on one of these boilers showed that it was possible 
to bring the boiler up to full operating pressure from cold in six 
minutes eleven seconds and that in a further one minute twenty seconds 
full load evaporation was reached. 

A number of these units have been installed aboard ship, mostly 
naval vessels, so that information is difficult to obtain. However, 
the first passenger ship to be so equipped was the French liner 
"Athos IL" owned by Cie. des Messageries Maritimes. This ship was of 
21,000 tons gross. Originally this ship, operated by a twin screw, 
had seven "Scotch" boilers working at 237 psi and 570°F., along with 
two steam turbines of 5,000 H.P. One "Scotch" boiler was removed and 
replaced by a Velox generator operating at 725 psi. and 8409F. with a 
capacity of 77,175 pounds per hour. A high pressure turbine was also 
added, exhausting to the existing steam pipe range, supplying the two 
5000 h.p. turbines. In addition a new L.p. condensing turbine was 
added in parallel to utilize the greater amount of steam present. With 
no increase in boiler and power plant space, the total engine power was 
raised from 10,000 to about 20,000 h.p. and the speed upped from 15-16 


to 20 knots. 
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Te SeS. "NICEA" and Other LaMont Installations. 

The use of LaMont waterwalls to increase conventional boiler 
capacity was discussed in Chapter II. These waterwails have also 
been installed for the same purpose in a number of ships where suit- 
able. Probably the most publicized cases were those installed in 
the Hamburg-American liners "Albert Ballin" and "Deutschland". The 
auxiliary boilers in these ships were found to be of insufficient 
capacity for the supply of steam to the turbo generators, winches, 
refrigeration, etc. while the steamer was in port. As a result these 
waterwalls, which were installed in 1931, brought the uptake tempera- 
tures due to overloading down from 930%F to about 570%, 

A complete LaMont installation consisting of two powdered-coal 
fired boilers was installed in the "Nicea". From the accompanying 
موه‎ it can be seen that these boilers were fired by inverted flame 
type burners and contained a radiant evaporating section followed by 
a coil shaped convection area. These were not large boilers and their 


rate of evaporation was low. Pertinent data:- 


Steam pressure 255 psi 

Steam temperature 626°F 

Evaporating Surface TO sq. ft. 
Superheating Surface 312 sq. ft. 

Steam output per boiler 11,000 lbs. per hr. 
Average rate of evaporation 15.5 lbs/sq ft/ lir. 
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A large marine LaMont plant gives the following data by com 


parison: 
Steam pressure 750 psi 
Steam temperature 806 F 
Evaporating surface 2,320 sq. ft. 
Superheating surface . 1,830 sq. ft. 
Steam output 88,000 lbs. per hr. 


Average rate of evaporation 38 lbs/sq. ft./hr. 


The total service weight of this boiler including water is 52,800 pounds 
which is about 0.6 pound per pound of steam generated per hour. In 
spite of this small weight the efficiency of this unit tested at 86.2%. 
LaMont type waste heat boilers have found extensive use in con- 
junction with marine diesels. They have proved quite satisfactory in 
this service. Early installations occurred about 1930 on the motorships 
Toulouse", "Modjokerto", and the motor tanker "Svithiod". Their use 
extended rapidly after this with the increase in use of diesels afloat. 
Advanced boiler design was characteristic of the late German Navy 
vessels. Steam pressures of over 1000 psi and temperatures of 700° to 
850°F were the rule rather than the exception. LaMont, natural-ircula- 
tion, and Benson types were all in use, the latter type on small de- 
stroyers and coastal crafte The LaMont installation best known in this 
country was that on the large heavy cruiser "Prinz Eugen". This in- 
stallation was highly successful according to available reports as were 


the installations on the smaller ships. 
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Fig. 21 —La Mont Boiler in S.S. “Nicea.” 
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In 1938 the British Navy built the destroyer HeM.S. "Dlex" which 
was powered by a LaMont type boiler plant. This was a successful in- 
stallation, especially the quick starting feature. As a result of the 
experience with this ship, five corvettes were powered with these 
boilers shortly after the outbreak of World War II. These installations 
were disappointing, the particular desig used being an adaptation and 
unsuited for the type of service required on these ships. The war 
brought a halt to other projected trial installations, and while it 
is knom that the Royal Navy has again taken up forced circulation, 
security restrictions have prevented the publishing of any definite in- 
formation on the subject. 

Both the Japanese and the French navies had done considerable work 
on the LaMont type boilers by the outbreak of the War. It is likely 
that the French have again started work on this development, but no 


current information is available. 


80 5.35٠. "CONTE ROSSO" 

lhe "Conte Rosso" was a luxury passenger ship of 18,500 gross tons 
built in 1922 for Messrse Lloyd Triestino of Trieste. In March 1936, 
this vessel was in the hands of Messrs. Cantieri Reuniti dell Adriatico 
for generd overhaul and redecoration. 

As part of the reconstruction work it was arranged to increase the 
power developed by 5,000 s.h.p. from 17,000 s.h.p. to 22,000 s.h.p.4 and 
by this means to increase the speed of the ship by one and one-half knots. 
This was to be done by the installation of the first Loeffler boiler to 


be installed on board ship. 
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Fig. 22—Loeffler Boiler in S.S. ** Conte Rosso." 
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Tne original boiler plant included six double and two single "Scotch" 
boilers generating steam at a pressure of 200 psi and 572 Fe One single 
ended 16,000 pounds per hour boiler was removed and the Loeffler boiler 
installed in its place. The normal capacity of this boiler was 44,000 
pounds of steam per hour at a pressure of 1,850 psi and 890° F. The maxi- 
mum rate provided was 55,000 pounds steam per hour. Two new high pres- 
sure turbines were installed, one for each shaft. They worked in series, 
the first exhausting at 660 psi to the second where the exhaust steam 
was reheated and delivered to the existing steam supply main at 200 psi 
and ۰ | 

The total weight of this boiler with all its appendages was only 
53 tons and with an output of 22 tons of steam per hour this represented 
a weight of boiler per ton of steam produced per hour of 2.6 pounds. 

This was very good since the efficiency was 90%. A total of 28.55% of 
the heat released in the furnace, appeared as Sehep. This gives less 


than 9000 BTUs per s.h.p. or under 0.51 pounds of fuel per Sohepe 


9. Sural Boiler (Pressure Fired) 

Three views are presented of the Sural boiler developed just prior 
to the War for the French Navy. It is small, compact, light in weight 
and has a high capacity. In order to achieve all these features the 
combustion rate had to be increased and &lso the rate of heat transfer. 
This was done by the employment of a high pressure combustion chamber 
which circulated the gases at high velocity and made possible a steam 
output of 156,800 pounds per hour with less than 2,153 square feet of 


heating surface. To protect the tubes, vigorous water circulation was 
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essential, This was usually done by a pump although natural circulation 
was also tried with fair results, If forced circulation is used a sepa- 
rator must be provided to separate the steam and water. 

The most novel feature is the use of flue gas, drawn directly from 
the boiler, to drive a turbine coupled to a blower which provides the 
compressed air for combustion. In this — it is similar to the 
Velox design. The high — pressure allows a reduction in com- 
bustion chamber size and provides satisfactory operating conditions for 
the gas-turbine driven blower. No air heater is needed since the com- 
pression of the combustion air raises its temperature to a high value. 
| A number of these units have been built, the early ones with centrifugal 
blowers, the later ones with axial-flow types. The pressure of the air 
delivered by the turbo-blower units can be varied from 14 to 36 psia.; 
the normal pressure in the combustion chamber being of the order of 
21 psia at full load. The temperature of the gas turbine outlet runs 
about A60 F. 

Figure 23 is a diagrammatic layout of an early type Sural boiler 
of 156,800 pounds per hour capacity. Ihe total weight is only 51 tons 
including turbo-compressor, separator, and circulating pump. Figures 
2, and 25 are views of a later boiler of this type with the same capacity 
in which the design has been simplified to reduce cost and facilitate 
boiler cleaning. 

These boilers are included because they not only illustrate a type 
of forced circulation but in addition present the feature of true pres- 
sure firing which has additional possibilities with respect to reduction 


of size and increase of output. 
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10. Sehmidt-Hartmann Marine Boiler 
Figure 26 shows a Schmidt-Hartmann ship!s boiler installed prior 


to the War. The operating data is as follows: 


Normal Maximum 


Steam output, pounds per hour 13,9'70 18,150 
Operating pressure, psi 738.4 138.1, 
Primary pressure, psi 1250 1462 
Final steam temperature °F, 907 932 
Boiler overall eff. percent 87.0 83.0 


The steam was supplied to a quadruple expansion engine of 1800 ۰٠ 
The figure shows a division wall in the center of this boiler. This per- 
mitted more efficient operation while in port and improved reliability. 

All tubes of the primary circuit were made of carbon steel. The 
superheater tubes and the drums were made of low alloy copper-molybdenum 
steel, which is comparatively light in weight. 

The evaporator tubes are slanted part one way and part the other, 
This prevents emergence of too much evaporator surface due to pitching 
of the ship. 

These boilers have relatively large thermal and water storage capac- 
ities and their operation is not much affected by load fluctuations due 


to maneuvering. 
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Fig. 22 —Schmidt-Hartmann Marine Boller. 
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11. Forced Circulation in the U, S. Navy 

Shortly after the last War the U, S., Navy sponsored an extensive 
series of experiments on high pressure forced circulation boilers for 
shipboard use, These were of both the Steamotive and LaMont types. 

Most of the data on these tests is of a classified nature, but in recent 
months some of the information has been made available. Only released 
information will be discussed here. 

As a result of these experiments, modified LaMont type boilers, 
built by the Combustion Engineering Superheater Company, are currently 
being supplied for naval use. These units are designed to generate at 
full power approximately 145,000 pounds of steam per hour at 1200 psig | 
and 507و‎ Table 11 gives pertinent performance and physical data for 
these boilers as compared with a natural circulation boiler designed for 
the same capacity. It will be noted that the box volume of one con- 
trolled circulation unit including the two circulating pumps is 523 cubic 
feet less than the comparable natural circulation beiten: This means a 
weight saving of 36,000 pounds per boiler or for this particular four 


boiler installation, 72 tons per ship. 


TABLE 11 
Natural Forced 
Circulation Circulation 
Number of boilers per ship À 7 
Rating, per cent 100 100 
Total Evaporation lbs./hr. 145,000 145,000 
Equivalent Evaporation lbs./hr 186,300 186,300 
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Natural Forced 
Circulation Circulation 
Superheater Outlet Pressure psig 1200 1200 
Drum Pressure psig 1275 1275 
Total Steam Temperature, Degrees F, 950 950 
Feed Water Temperature, Degrees F. 26 216 
Efficiency, percent S7 82.3 
Firing Rate, lbs/hr 11,970 11,875 
Excess Air, percent 15 15 
Furnace Volume, cubic feet 518 305 
Boiler Heating Surface, square feet 2120 2265 
Water Wall Surface, square feet 230 270 
Total Generating Surface, sq. ft, 2650 2535 
Superneater Surface, square feet 990 770 
Economizer Surface, square feet 3600 3630 
Total Heating Surface, square feet 7210 6935 
Heat Release per cu. ft. Furnance 
Volume Kb/hr 427] 721 
Heat Release per sq. ft. Total 
Heat Surface Kb/hr 30.6 31.7 
Width 161 - Qu 14! - o" 
Height 181 - Of age m 
Depth 11ل‎ - 0" 101 - 9" 
Box Volume, cubic feet 3168 261,5 
Volume Decrease, cubic feet - 523 ` 
Total Dry Weight per boiler, pounds 134,000 104,000 
Total Wet Weight per boiler, pounds 146,000 110,000 
Weight Saving, pounds (wet) - 36,000 
Weight Saving, percent (wet) - 2-7 
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In Table 12 pertinent performance and design data ere tabulated for 
a natural and a controlled forced circulation boiler designed for a full 
power evaporation of 275,000 pounds of steam per hour. For this parti- 
cular installation a saving in the depth dimension was of considerable 
importance. It will be noted that the forced circulation unit has a 
depth of ll feet 2 inches compared to 14, feet 4 inches for the natural 
circulation boiler. In this installation the saving could amount to 


25 feet in length of the machinery spaces, and a weight saving of 


41,500 pounds per boiler or 166 tons for the eight boilers in the ship. 


TABLE 2 





Natural Circulation Forced Circulation 





No of Boilers per Ship 8 8 
Condition Cruising Full Power Cruising Full Power 
Rating percent 45.0 100 4250 100 
Act. Evap lbs/hr 122,000 271,000 0 271,000 
Drum Press. psig 1218 1285 1218 1285 
Superhtr Outlt Press 

psig 1200 1200 1200 1200 
Tot. Steam Temp deg F 930 950 930 950 
F.W. Temp deg. Fo. 245 215 245 245 
Excess Air, percent 1895 18% 5 
Efficiency, percent 87.9 83.7 88.0 83.9 
Oil Firing Rate lbs/hr 8850 21,200 8850 21,200 
Air Flow, CFM 34,300 82,300 34,300 82,300 
Gas Flow, lbs/hr 155,000 371,000 155,000 371,000 
Gas Temp leaving 

Econ. deg. Fe 2 565 375 565 
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Release Rate per sq. ft. 


Tot. Heat Surface Kb/hr 11.6 27.8 13,2 31.5 
Release Rates per cu. ft. ر‎ 

Furn. Vol. Kb/hr 170 406 274 656 
Boiler Heating Surface, 

sq, ft. 5780 3680 
Water Wall Heating 

Surface, sq. ft. 1,05 HO 
Superhtr Heating 

Surface, sq. ft. 1440 1320 
Economizer كت‎ Surface 

sq. ft. 6340 7015 
Tot. Heating Surface, sq. ft 13,965 12,455 
Furnace Volume, cu. ft. 964, 597 
Height to Econ. Outlet 211-6" 211-6" 
Height to Drum Shell 201-43"! 18-6" 
Width 18-11 18-11" 
Depth 14-۳ 111-2" 
Box Volume, cu. ft. 5560 1,330 
Weight Dry, pounds 190,600 154,200 
Weight Water, Steaming, lbs 15,400 10,300 
Weight Steaming, pounds 206,000 164, 500 


From the data in these two tables it is evident that a forced cir- 
culation LaMont type boiler for marine use will weigh about 75 percent 
as much as a comparable natural circulation marine boiler, This is 
generally the case for such boilers m—" for 1000 psig and over 
with evaporations of over 100,000 pounds steam per hour. It is in- 
teresting to note that at 120 percent full power the forced circulation 


boiler in Table 12 had sodium chloride injected periodically into the 
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steam drum until the total solids in the boiler water reached 160) 


ppm and a chlorinity of 586 ppme The maximum test stipulations were 


1150 ppm total solids of which 515 ppm must be chloride. Steam ع‎ 


data under these conditions gave a steam carryover of 0.04 percent 
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V. | CONCLUSICN 


The forced circulation principle represents as big a step forward 
in boiler design and performance as the advent of the watertube boiler 
over the firetube. For the present and immediate future the recircula- 
tion type, especially the LaMont design, seems to hold the most promise. 
Eventually as the automatic controls become more accepted and a truly 
successful and convenient method of getting rid of salt deposition is 
devised, the "once through" type should take over the field of steam 
generation. 

The United States has lagged behind the other nations in adopting 
forced circulation even though the basic principles were discovered here. 
This is partly due to the lack of a strong economic pressure such as 
uit by continental Europe in the 1920s and partly due to the 
conservatism which our mass production methods engender. This country 
is now making vast strides to catch up. Since the War the U. Se Navy 
has had both Babcock and Wilcox and the Combustion Engineering - Super- 
heater Company actively engaged in marine forced circulation development. 
The power companies in their thirst for greater and greater efficiency 
with its high temperatures and pressures are beginning to realize the 
savings in initial cost, maintenance, etc. which forced circulation 
offers. The Montaup and Kobuta installations operating over the past 
ten and nine years respectively have shown the reliability of the LaMont 
type boiler with its high efficiency and economies. Consequently, after 
the initial flurry of peacetime building following the War, these power 
companies commenced ordering forced circulation units of the Combustion 


Engineering - LaMont type. The first order was in August 1950. By 
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November 1951 there were eighteen on order ranging in size from 750,000 
to 1,450,000 pounds of steam per hour, and in design pressures from 1670 
to 2650 psig. All will employ reheat of 1000 or 1050°F and initial steam 
temperatures run from 1000 to 1100°F. As of April 21, 1952, the number 
of these units on order runs to thirty-six. Table 13 is a partial list 


of these units and their ratings. 


TABLE 1 
Capacity Design Steam 
Power Company Per Unit Pressure Temperature 
lbs.per hr si E 
Virginia Elec. & Power Co. 750,000 1670 1000 - 1000 
Duke Power Company 900,000 2010 1000 - 1000 
Wisconsin Elec. Power Co. 95,000 1775 1000-— 1000 
Southern Cal, Edison Co, 920,000 2100 1000 - 1000 
Cleveland Elec. Illum. Co. 875,000 2030 1000 - 1000 
Public Service Elec. & Gas Co. 1,015,000 2650 1100 - 1050 
Wisconsin Elec. ٠ 795,000 2050 1050 - 1000 
Philadelphia Electric Co. 1,450,000 2075 1000 - 0 
Consumers Power ٠ 1,050,000 2300 1050 - 1000 








137 






LL 
Wl سو‎ etm ہے‎ 

= iw 5. - 7 

a E "4 = wi Ps I. « Ww gu, purum 

ne بت‎ Pet u OS AEA WEA À مه ناه‎ Š 


وج ر وج 


BIBLIOGRAPHY 


Anonymous.  LaMont Boiler Developments in Sweden 1932-1946. 
Engineer. Vol. 182, No. 4742, pp 502-3, November 29, 1946. 


Anonymous. Tube Failures in German Naval Boilers. (From 
British Admiralty Report/ Combustion. Vol. 18, Nos 12, pp 45, 
June 1947. 


Anonymous. Controlled Circulation Boilers in the Utility Field. 
Combustion. vol. 22, November 1951. 


Anonymous e Ihe Monotube Boiler in S.S, Kertosono, 
Engineer. Vol. 161, pp 602-3, June 5, 1936. 


Anonymous. la Mont Forced Circulation Steam Generator. 
Engineering. Vol. 142, pp 412-4, 420, 1936. 


Anonymouse Pressure Charging, Velox Boiler and Gas Turbine. 
Brown Bovari Review. August/September 1941. 


Anonymous. A Symposium on High Pressure Boilers. 
Trans. Inst. of Marine Engineers. Vole 47, pp 67-72, April 1935. 


Anonymouse Shipbuilding and Marine Engineering in 1935. 
Engineer. Vol. 161, January 10, 1936. 


Anonymous. The Present Day Design of the Velox as a Result of the 
Experience Gained in Several Years Practice. 
Brown Bovari Review, August/September 1941, or 
Engineer, Vol. 174, pp 364-6, October 30, 1942. 


Anonymous. The Sural High Pressure Combustion Boiler. 
Trans. Inst. of Marine Engrs. October, 1947, pp 128-9. 
(See also abstract in same periodical for September 1947, pg 86) 


Benson, Mark. The Proposed Steam Producer Evaporates High Pressure 
Steam Outside Furnaceee Power. Vol. 90, No. 10, pp 663-5, 
October 1946. 


Bleichen, Berthold. Benson Boilers in the Liner Potsdam. 
Engineer. Vol. 162, November 20, 1936, pg. 551. 


Brownlee, David. High Pressure Marine Boilers. 
Engrge and Boiler House Review. Vol. 51, pp 88-94, August 1937 


Clark, Fe Se First American Utility Plant Uses Forced Feed 
Circulation, Electrical World. Vol. 116, No. 8, pp 52-4, 66. 
August 23, 1941. 


138 


le 


Re 


36 


he 


De 


6. 


Te 


8. 


9% 


10. 


lA. 









ድ E n ۲ )) 




















ኒ 
un. 
ኒ "سے‎ 








MC DR Comm ل‎ ۳ 
HEN , ۷ # (rr A SAM oa 





۷ whip med mque. ven» سم‎ P 
à x يذ‎ 


Te Lon‏ مہف" 
)سوت وسل . 





መሸ Dum re 


Clark, F, Se, Rosencrantz, Fə He, and Armacost, We He 1825 pound 
Pressure Topping Unit with Special Reference to Forced- 
Circulation Boiler. Trans. ASME. Vol. 65, pp 461-477, 1943. 


Coutant, Je G Steam Generator Progress. 
Southern Power and Industry. February 1943. 


Davidson, We Fe, Hardie, Pe He, Humphreys, Ce G» Re, Markson, Ae Àe; 
Mumford, A. R., and Ravese, T. Studies of Heat Transmission 
Through Boiler Tubing at Pressures from 500 to 3300 psi. 

Trans. ASME. Vol. 65, pp 553-91, 1943. 


Davis, Re F. Expansion Theory of Circulation in Water Tube Boilers. 
Engineering. Vol. 163, Nos 4231, pp 145-8, February 14, 1947. 


Docherty, Je G The Stresses in Thick Tubes due to Temperature and 
Effects of Temperature and Pressure Stresses Acting Simultaneously. 
Proce Inst. Meche Engrs. Noe 4, pp 921-34, 1928. 


Eckert, Es Re Ge Introduction to Transfer of Heat and Mass, lst ede, 


MeGraw-Hill Book Company, New York, 1950. 


Frahm, H. C. H. The Super-Pressure Steam Plant for Ship Propulsion 
with Special Reference to the Benson Boiler on S.S. Uckermark. 
The Steam Engineer. Pp 194-5, February 1932. 


Gaffert, G. A. Steam Power Stations, 2nd ed. 
McGraw-Hill Book Company, New York, 1940. 


Hawkins, GeAe, Solberg, He Le, and Potter, A. A. The Viscosity of 
Water and Superheated Steam. 
Transe ASME. Vol. 57, FSP-57-11, 1935. 


Jacob, Max. Heat Transfer, Vol. I. 
John Wiley and Sons, New York, 1949. 


Jacob, Max, and Hawkins, Gede Elements of Heat Transfer and 
Insulation, 2nd Ed. 
John Wiley and Sons, New York, 1950. 


Karassik, Igor J. The Stabilized Circulating Cycle for Forced 
Circulation Boilers. 
The Steam Engineer. Vol. 18, Noe 214, pp 390-2, 400, July 1949. 


Kaufman, Paul Ge Complete Slag Precipitation Within the Boiler 
Furnace. (Based on an Article by Prof. Le Ke Ramzin in Izvestia) 
The Steam Engineer, Vol. 28, Noe 210, pp 209-11, March 1949 and 
Vole 28, No. 233, pp 258-60, April 1919. 


وو د 


5+ 


16. 


17. 


18, 


19. 


25e. 


26. 


27۰ 


L ° ۰ e D di لات‎ eo! o» t weint an 
rn ھ٠‎ : ض3۲ ۳دت جس‎ ہم١‎ dits M ہر‎ 


mtl, P. ‚x 2 Lu 7۴ . 2 t L 


L ሕጸ a deae o مس‎ ws. 89 رهم‎ 


. هما 
a‏ .@ 
MS rawe IJ ML XN u‏ 


| WAR.. reo AD. ennt "T شه‎ ,.8 .ክ .ይክዌ% 1. 
مهو‎ ER d 





Keenan, Je He, and Keyes, Fe. Go Thermodynamic Properties of 
Steam; lst Ed. John Wiley and Sons, New York, 1936. 


Kerr, He Je Once Through Series Boiler for 1500 to 5000 Pound 
Pressure, Trans, ASME, Vol. 54, No. 21, RP-54-la, pp 1-8 
November 15, 1932. 


Kiefer, Pe Je Mechanics of Hydraulic Equipment. Unpublished 
Manuscript, 


King, We Je The Basic Laws and Data of Heat Transmission, 
Mech. Engrg. Vol. 54, Nos. 3, 4, 5, 6, 7, and 8. pp 190-4, 
March 1932; pp 275-9, April 1932; pp 347-53, May 1932; 
pp 410-4, 426, June 1932; pp 492-7, July 1932; and pp 
560-5, August 1932, 


Lewis, We Ye, and Robertson, S. A. he Circulation of Water and 
Steam in Water Tube Boilers, and the Rational Simplification 
of Boiler Design. Proc. Inst. Mech. Engrse Vol. 143, pp 
147-81, June 1940. 


Lorenzi, Ottode, ed. Combustion Engineering, lst Ed. 
Combustion Engineering-Superheater, Ince, New York, 1950. 


McAdams, Wm. H. Heat Transmission, 2nd Ed. 
McGraw-Hill Book Company, New York, 1942. 


McEwen, Se The Loeffler Boiler Installation on S.S. Conte Rosso. 
Trans. Inst. of Marine Engrs. Vol. 47, pp 67-72, April 1935. 


Michel, F. The Benson Boiler. 
Combustione Vol. 7, pp 27-30, July 1936. 


Plummer, Ge Ae ‘The LaMont Boiler in Great Britain. 
Engineers Vol. 181, Nos. 4698 and 4699, pp 83-9, January 25, 
1946, and pp 116-7, February 1, 1946. 


Potter, Ae Ae, Solberg, He Le, and Hawkins, Ge A. Characteristics 
of High Pressure Series Steam Generator. 
Trans, ASME. Vol, 54, No. 21, RP-54-lb, pp 9-27, November 
و15‎ 5 


Ross, Geo Fe, and Williams, Le Comparison of Operation of Forced 
and Natural Circulation Boilers. 
Trans. ASME. Vol, 68, No, 4, pp 399-410, May 1946. 


Rudorff, D. W. Steam Generators. 
Charles Griffin and Company, London, 1938. 


30. 


245 


32. 


33. 


2 


25٠ 


36, 


27۰ 


28. 


29. 


40. 































۳۳۳ Pant i 


' 4 









— و‎ 
š 





5€" .9 


ማሻ Soo “መ 





ya‏ اي یه 





4 
7 r` i; Ë F 
é- ٦ 


سر — 
۰ 





y alf 
دق پر‎ 
DAE SR 





P 
LJ 





"A 





| 4 ነ > 


ash won. ws Ls Y ` 9 


Pis abaa, 







"s am 


- - 


Ryan, Wm. F. Forced Circulation Boilers a Tool for More Kwhrs. 
per Dollar. Electrical World. Vol. 136, No. 17, pp 114-6, 
October 22, 1951. 


Silver, Re Se Thermodynamic Theory of Boiler Circulation, 
Proce Inst. Mech. Engrs. Vol. 153 (War Emergency Issue No, 9) 


Sporn, Pe, and Bailey, E». G Operating History of 2500 psi Twin 
Branch Plant. Transe ASME. Vol. 66, F.P.F. pp 1-21, May 1944. 


Staff of Siemens-Schuckertwerke. The Development of the Benson 
Boiler in Germany. The Steam Engineer. Vol. 18, Nos. 212 and 
213, pp 283-7, May 1949 and pp 327-31, June 1949. 


Stodola, A. The Sulzer Single Tube Steam Generator. 
Engineer. Vol. 156, pp 496-500, November 17, 1933 and pp 
525-27, November 24, 19330. 


Timoshenko, S. Strength of Materials, Part II, 2nd Ed. 
D.e Van Nostrand Company, New York, 1941. 


Timoshenko, Se and Goodier, J. Ne Theory of Elasticity, And. Ed. 
McGraw-Hill Book Company, New York, 1951. 


U. S. Naval Academy. Naval Machinery, Part I. 
U. S. Naval Academy, Annapolis, 1946. 


Van Brunt, Johne Circulation in High Pressure Boilers and Water 
Cooled Furnaces. Trans, ASME, Vol, 63, pp 339-348, 1941. 


141 


43. 


Lhe 


5۰ 


6۰ 


hT o 


48» 


49. 





APPENDIX ۶ 


The following derivation illustrates the relationship between the 
General Energy Equation and the equation used in boiler design work by the 
Combustion Engineering Company, Babcock and Wilcox Company, and with slight 


variations by the other boiler manufacturers. 








2 
Between points O and 1 
7 2 : 1 y 
B (Go 2) 4 Po FE Zw ادنم‎ 
3⁄3 ن4 ےہ‎ fo tf 9517 = T شه‎ ፆ መሙ ብ 35 d f m 


There is no mechanical pump so the (JW. term goes out, and the (E = R.) 


d 
" o 1 


energy is due to friction and turbulence and the heat loss 59155 minor 


terms may be represented by o(Ep)] since any increase in internal 


a Po - PI وا‎ - 
Therefore 32.17 (2, - 2,) + RM = (Ef), £ 1 EE 
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Between points 1 and 2 


The same reasoning as applied above will give:- 


2 2 
& ' 
سیم‎ (52 - ኳ)) ፆ 23.7 25 = 3(8፻)2 م‎ 72 7 
255፣) 6 ጥሜ መማስ ጎህ 25.35 


Between points o and 2 


The two above equations may now be combined and simplified as 


follows:- 


AREN Se --5.--፡ ፆ ፲ሕ...22 2 (62) 4 91 779. ; U2 7 À 
Slt een SIT M d 3 ( th, NEE f — 
8 - A 5 (Bo - 21) AA 2 terms drop out 


P. 7 P3 = d, x 4 pressure increasing. 


dp = density of downcomer. 


p -p = LE 3 pressure decreasing. 


ሜ% = density of steam - water mixture. 


2 2 
S. 07 99 و‎ E 
d 95 olEp)a f 64.35 = R 
d = d, since this calculation is referred to saturated 


water. 


R = total resistances in the circuit. Since these are 
all due to velocities in the circuit, each resistance 


term may be written in terms of a velocity. 
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The equation as used by the designer for the simple U-circuit shown in the 


sketch is:- 





٠ An = 4 
D unl U LELU LU U 
.፡ሽ]፡“ጃጵሙ. ጫነ፻ = UAU y LEIUD £ ALL Y] 
“a, dy? 2 28 dx2g d x 2g f g (U, Uy) 


The left hand side represents the available head. 


2 
1x Wy 
2 28 


2 
U 
= is the exit loss, Us is velocity at exit. 
6 


is the entrance loss. U] is the entrance velocity. 


2 
AU, is downcomer tube friction loss. UN > Uy 11 
Dx 2g  downcomer is all water. 


۳ 


s= is tube friction loss in riser, Uy is mean velocity 
x «8 


of the steam - water mixture. 


For mixtures each of the above resistance heads is multiplied by the 


relative density of the fluids. 


sw, - ሀገ) is the acceleration loss. 


All of the above velocities are in fps. 


144, 





APPENDIX "p! 


For clean steel or cast iron pipes which as a rule fall in the rough 
pipe category, McAdams in his second edition of "Heat Transmission" (34) 
(page 120) has a formula which approximates the data of a number of ob- 
servers for the value of friction factor f. 
1. 


Multiplying through by Jf and rearranging this becomes 


A 32 log, , (Rex fF) #12 21 


This is a trial and error equation. On the water side of the circuit for 
the 1.15 0.D. (0.951.D.) inch tube at 1000 psi used in the calculation of 
mean temperatures and temperature gradients on page 85 the Reynold! s 


number is:- 





D.Ud 
= 0.0793 x 16000 x 46.3 = 250,600 
u 0.235 


Now substitute this into McAdam's equation above for various values of 


friction factor f. As indicated below the equation ances when f = „0046. 


f = 0046 
«0048 3.2 log, (250600 x /.0046) / 1.2 = 1 


«06783 3.2 logg (16998) £ 1.2 =1 


l-1 
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On the 4.0 O.D. (3.48) I.D.) inch tube for the same pressure the 


Reynold!s Number is: 


D} Ud " 0.29 x 22880 x 46.3 = 1,310,000 
u 0.235 





f = .0036 
7۰0026 3.2 log, . (1,310,000 x Y.0036) Z 1.2 = 1 


1.01 =1 (approximately) 


The correct Reynold's Numbers for wet steam cannot be determined 
with any degree of accuracy because of the lack of data on the vis- 
cosities of such a mixture. 

Although the above examples indicate values of f much lower than 
the assumed f = .006, it should be remembered that the calculations are 
for clean pipes. This condition is seldom the case in boiler tubes since 
scaling and corrosion cause greater roughness and often an appreciable 
decrease in inside tube diameter. This, in turn, adds considerably to 
the friction factor. For badly corroded or tuberculated pipes where the 
decrease in inside diameter is quite high the friction factor climbs to 
very high values. Recent boiler experience has shown that f = .005 is 
often too low. As a result f = .006 is in common use, although مرج‎ 
designers still use f = .005 for the water side of the circuit if no 


steaming is present in the downcomer and if Reynold!s Numbers are high. 
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APPENDIX "C!" 


Table of values of thermal conductivity, k, for a typical high 


carbon steel in which the carbon content is approximately 0.5% 
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APPENDIX 


By the method of Case I to VII, the equilibrium circulation data for 











a 1.15 inch, and a 4.0 inch tube is given below at the pressures indicated. 


Pressure, psi 1000 1500 2000 
Diam, Os De inches 1.15 4.0 22:5 4.0 1.15 14.0 
Diam. I. De, inches 0.95 3.48 0,89 3.34 0.85 3418 
Top dryness 0.17 0.031 0.24 0,0) 0.34 0.63 
Mass rate of steam 

pounds per hour 620 2,160 721, 2,513 870 3,925 
Mass rate of water 
pounds per hour 3,650 69,600 3,020 62,800 2,560 18,000 
Density of water, 

lbs. per cu. ft. 16.3 116,3 2۰6 42.6 38,9 38.9 
Mean density in riser, 

lbs, per cu. ft. 20.3 39.0 21.2 3906 5 32.8 
Density of exit mixture 

lbs. per cue Lbs JOY 28.7 11485 298 120 27.9 
Velocity of water 
Pb. per Sece እሬ 4 6.35 ۰5 6.74 ሺረ 6.22 
Midpoint velocity in 

riser, ft. per sec. 11.79 8.29 10.48 8.2 9.6 2 
Velocity at exit, ft. 

per sec. 19.15 10.24 16.4, 9.65 20/56 8.68 
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APPENDIX "En 


THICK WALL THEORY FOR TUBES 





Assume radial symmetry of structure and loading and no variation of 
these two along length (Z2) of tube. Because of radial symmetry there is 
no shearing and therefore the surfaces are principle surfaces. 

The radial displacement 4% is a function of the radius only because 


of the radial symmetry 


یس ۔ معد = مە ,€ Angular strain‏ 


Z 


In the radial direction the new length = da +w + du - ملد‎ 


Therefore the strain in the radial direction is - 


e, - Ar + dw — dw = au, 
۸ Or Ay 


Equilibrium is another assumed condition in this problem and the 


equation is written from the right hand sketch above 
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(ተ A A+ ria ) له‎ ይ T ado e 0 daclo =O 


Divide by AACE and cancel where possible and the equilibrium 


equation is:- 
AO 1 
“a t'u 8 
This gives three equations in three unknowns. The next step is 


to take Hooke!s Law for a Plain Stress System and apply it to our 


equations as follows: 


+ Y A) 


(1) Qe መ (e.* V&,) 








(2) ds ٠ Ege (+ Yer) = Ege (4& +1 2) 


an. En (dur Lu - Va 
d Hw A ቴኒ” 
Divide out ሞም and substituting in the equilibrium equation 


gives: 


ri RUE O‏ .ا د 


e Ad y als __ A 
ao TF Se 


E رشان‎ 0 


dr ራጩ - يقد‎ <= O 


Aan Z‏ ' کرام 
z (Z) + a. (%) = 0‏ 
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Integrate and get:- 








Now subtract -Po from - fA; and substitute for the 


ffo ዛፐ‹”)ዌቶ+።-*)ኙ] 

Pp-Pi ግት کي کې‎ 

rer) 
ر چ‎ 


0 


C, 


Substituting these values of the constants back into (1) and (2) 


the normal stresses become 


JA = bez صن‎ _ Ge bi) a b* 
ሠ. መመ Ge = b JE: Q. = + 
Similarly 


سنا برع یط دج (à)‏ 
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In the particular case of the boiler tube the pressure is internal 


and Po may be considered equal to zero. Consequently:- 


(1) G T Api + ا‎ ۰ ድች (ይ -ህ 
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